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ABSTRACT
Within many semi-arid regions throughout the world, secondary salinization of 
groundwater and surface water represents a serious environmental threat to freshwater 
resources. However, there exists a limited knowledge of solute dynamics in these 
environments, in particular subsurface solute distributions and mobility. The origin, 
nature and mobility of solutes were determined for 25x25 km catchment area in 
central New South Wales through combined hydrogeological and hydrogeochemical 
techniques to better understand physiochemical processes occurring in the both the 
unsaturated and saturate zones of saline environments. This thesis aims to address the 
knowledge gaps in the current understanding of the nature and mobility of solutes in 
the subsurface environment. At present there is a lack of understanding of (a) the 
processes that change the relative solute proportions in rainwater to groundwater, (b) 
the timeframes of solute accumulation in the unsaturated zone and saturated zones, 
and (c) the nature and mobility of subsurface solute stores.
Chloride concentrations of 155 unsaturated zone soil pore water solutions from four 
locations indicate long-term (>200,000 yrs) meteoric deposition and 
evapotranspiration as the dominant solute concentrating mechanism. However, 
meteoric water exhibits considerably different chemical and isotopic compositions 
compared to groundwater. Nutrient cycling is the dominant process controlling the 
K/Cl, Ca/Cl, Mg/Cl and NO3/CI ratios during vertical infiltration of rainwater through 
the unsaturated zone. Minor variations in Na/Cl and N/Ca ratios are the result of 
cation exchange. Biogeochemical processes, in particular organic adsorption and 
bioassimilation, influence the Br/Cl and SO4/CI ratios. Results from this study suggest
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the commonly observed discrepancies between local meteoric water and groundwater 
compositions in semi-arid regions are the result of geochemical and biogeochemical 
processes occurring in the near surface of the unsaturated zone.
Cl/Cl ratios and Cl' and Br' concentrations of unsaturated zone soil pore waters 
indicate long-term Cl and C1‘ deposition rates, groundwater recharge rates and solute 
mobility in the unsaturated zone. A -200,000 yr isotopic decay profile indicates a lack 
o f groundwater recharge in the distal portion of the catchment. C f mass balance 
calculations for the Cl decay profile suggest that present day meteoric deposition of 
Cl’ is similar to the long-term average. At a second location, the presence of “bomb-
q /r
pulse” Cl in saline (Cl > 2,400 mg/1) pore waters at 4 metres depth indicate a high 
degree of vertical solute mobility proximal to the recharge zone. Furthermore, 36C1/C1 
ratios of near surface (< lm) pore waters appear to reflect long term (103 yrs) 36C1/C1 
ratios of meteoric water. These ratios (150-160x1 O'15) are less than half compared to 
modem meteoric water.
High resolution pore water geochemical results from two diamond cores indicate 
highly heterogeneous saturated zone solute distributions. Pore waters within the 
aquifer and surrounding units exhibit greater salinity, lower 36C1/C1 ratios and unique 
element/chloride ratios compared to groundwater. Chemical and isotopic end member 
compositions were determined for pore water and groundwater and were incorporated 
into numerical models. Modelled solute and Cl mixing trends were in good 
agreement with measured trends in groundwater composition. Decreases in 36C1/C1 
ratios and increases in C f concentrations along the flow path are primarily the result 
o f mixing between older more saline pore water and younger less saline groundwater.
Flow ages corrected for “age mixing” are 50,000-75,000 years compared to 
uncorrected “mixed ages” of 237,000-265,000 years. The corrected flow ages were in 
better agreement with the hydrodynamic flow age of 65,000 years.
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1 INTRODUCTION
Fundamental changes in the chemical composition of meteoric water occur during 
infiltration of near-surface sediments that impact freshwater resources around the 
world. In many arid and semi-arid regions, low annual precipitation, high degrees of 
evapotranspiration and low vertical infiltration rates often result in elevated solute 
concentrations in groundwater (i.e. Eriksson and Khunakasem 1969, Peck, 1978; . 
Edmunds and Wright, 1979; Thomas et ah, 1989; Scanlon et ah, 1991, Love et ah, 
1993; Zhu et ah, 2003, Ewing et ah, 2006). Throughout semi-arid Australia, the 
widespread occurrence of dryland salinity is well documented yet the nature and 
mobility of solutes are poorly understood. Meteoric water is often considered the 
dominant solute source and evapotranspiration the dominant solute concentrating 
mechanism (i.e., Herczeg et ah, 1993; Love et al, 1993; Herczeg et al., 2001; 
Cartwright and Weaver, 2005; Cartwright et ah, 2006). Theoretically, 
evapotranspiration does not change the relative solute proportions, yet groundwater 
typically exhibit different element ratios than its source (atmospheric precipitation). 
This is generally assumed to be the result unsaturated zone geochemical processes 
such as evaporite mineral dissolution/precipitation, cation exchange and mineral 
weathering (Gibbs, 1970; Love et ah, 2000; Herczeg et ah, 2001; Davis et ah, 2004; 
Cartwright et ah, 2006). However, most unsaturated zone studies have focused on 
understanding infiltration rates (i.e., Eriksson and Khunakasem, 1969; Allison and 
Hughes, 1978; Peck et ah, 1981; Allison and Hughes, 1983; Scanlon, 1991; Wood, 
1999), the timeframes of solute accumulation (Allison et ah, 1985; Cook et ah, 1992; 
Zhu et ah, 2003) and on determining the effects of evapotranspiration (i.e., Peck et ah,
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1981; Ullman, 1985; Johnston, 1987; Cartwright et ah, 2006). These findings are 
based on interpretations of C f and various stable and radiogenic isotope profiles. 
Little to no studies have performed detailed measurements of major element 
compositions through the entire unsaturated zone to convincingly document the 
processes responsible for the different element ratios measured in precipitation 
compared to groundwater.
Numerous studies within Australia (i.e., Macumber, 1969; Gunn and Richardson, 
1979; Johnston et al., 1980; Johnston and McArthur, 1981; Mazor and George, 1992) 
have associated the occurrence of unsaturated zone solute “stores” with low-lying, 
highly weathered landscapes. In the majority of these areas, the solutes tend to be 
concentrated within the root zone or within low permeability clay-rich units and are 
regarded as immobile (Macumber, 1969; Peck, 1978; Johnston et ah, 1983; Johnston, 
1987). However, considering the timeframes available for solute accumulations in 
arid to semi-arid landscapes, far greater concentrations are expected if these solutes 
were progressively stored within basins over time. It is well documented that clearing 
of native vegetation and subsequent alteration to the hydraulic budget has resulted in 
the mobilization of solutes previously accumulated in the unsaturated zone (Peck and 
Hurle, 1973; Dimmock et ah, 1974; Peck, 1978). The ratio of solute exports from 
catchments to solute inputs from the atmosphere was presented as a means for 
estimating the effects of secondary salinization by Peck and Hurle (1973). Ratios 
greater than 1:1 and as high as 17:1 were encountered by Peck and Hurle (1973), 
Evans (1994), Jolly et ah (1997) and Jolly et ah (2001), and were attributed to 
mobilization of unsaturated zone salt stores due to anthropogenic alternations to the 
hydrologic budgets of catchments in Australia. However, this concept assumes that
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solutes accumulate in the unsaturated zone only by evapotranspiration and have equal 
mobility. The role of plants in accumulating growth limiting solutes in near-surface 
soils has been well documented by ecologists and biological researchers (i.e., 
Johnson, 1984; Foulds, 1993; Jobaggy and Jackson, 2001). Biogeochemical processes 
such as bioassimilation and organic adsorption can also have a large impact on solute 
mobility in near-surface soils (i.e. Kreitler and Jones, 1975; Boring et al., 1988; 
Mayer et ah, 1995a; Novak et ah, 2003). The significance of bio-accumulated solute 
stores and their potential for anthropogenic mobilization has been given very little 
attention by groundwater researchers (i.e. Kreitler and Jones, 1975, Gerritse and 
George 1988). Mass-balance calculations based on rainwater and groundwater 
chemistry that aim to quantify catchment solute budgets fail to account for these 
solute sources and sinks.
Cl- is the most conservative tracer in aqueous systems and is often used as a proxy for 
salinity (Herczeg and Edmunds, 2000). Simpson and Herczeg (1991) noted 2.6-4.1 
times greater Cl' is being exported from the Murray-Darling Basin than is contributed 
from atmospheric precipitation. This imbalance was attributed to the mobilization of 
unsaturated zone solutes by infiltrating irrigation water and rising groundwater tables 
following land clearance. Recently, Cartwright et ah, 2007 demonstrated that 
increased recharge does not result in a rapid flushing of solutes from aquifer systems 
in the Murray Basin, Victoria. Recharge rates based on C f mass balance calculations 
were up to two orders of magnitude lower than estimated from 3H and 14C reflecting 
the complexity of solute mobility in semi-arid areas. The authors explained that 
despite more than 100 years since land clearance in Northern Victoria, older saline 
waters are still residing in low permeability clay sediments. Despite increased
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recharge, the solute stores are only slowly mobilized by the rising groundwater tables. 
Despite this widely documented process of secondary salinization, very few studies 
have interpreted unsaturated zone solute concentrations other than Cl" to better 
understand the physiochemical processes occurring during vertical infiltration of 
meteoric water and to better understand the nature of solute stores in the unsaturated 
zone..
Most studies conducted in semi-arid regions of Australia have utilized Cl' 
concentration and/or electrical conductivity of soil pore water and groundwater to 
evaluate the mechanisms contributing to groundwater salinity (e.g., Johnston, 1981; 
Peck et ai., 1981; Simpson and Herczeg, 1994; Herczeg et al., 2001; Cartwright et al., 
2004; Cartwright et al., 2006). However, the typically conservative nature of the 
chloride ion limits its application towards understanding geochemical and 
biogeochemical processes such as mineral weathering, cation exchange, 
bioassimilation, and nutrient cycling. These processes may have a significant 
influence on past and present unsaturated zone solute dynamics and exhibit 
considerable control on the chemical composition of regional groundwater. 
Furthermore, numerous hydrogeological studies have measured radiogenic tritium and 
chlorine-36 distributions in the unsaturated zone to understand unsaturated zone flow 
regimes and groundwater recharge rates (Allison et al., 1971; Allison and Hughes, 
1972; Allison and Hughes, 1974; Allison and Hughes, 1978; Allison and Hughes, 
1983; Walker et al., 1992; Cook et al., 1994). Measurement of major and minor 
element concentrations as well as radiogenic isotopes of unsaturated zone soil pore 
water may provide insight into past and present solute sources, timeframes of 
accumulation and solute mobility.
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Salinity studies in Australia and overseas have traditionally considered the 
unsaturated zone as the dominant salt store within semi-arid landscapes (e.g., Salama 
et al., 1999). Less attention has been focused on saturated zone salt stores residing in 
lower permeable units in aquifer systems. Ortega-Guerrero et al. (1997), Timms et al. 
(2001), and Peck and Hatton (2003) considered isotopic and hydrochemical properties 
of both aquitard pore waters and aquifer groundwaters and noted appreciable degrees 
of mixing between the two. In the well studied Milk River Aquifer in Canada and The 
Great Artesian Basin in Australia, Domenico and Robbins (1985) Bentley et al. 
(1986) Phillips et al. (1986) and Love et al. (2000) noted higher salinity waters 
residing in lower permeability hydrogeologic units and attributed changes in chemical 
composition of groundwaters along the flow paths to mixing between the chemically 
heterogeneous hydrogeologic units. However, very few hydrogeochemical studies 
throughout the world have measured high resolution geochemical profiles of waters 
residing in both high and low permeability units within heterogenous aquifer systems 
(i.e., Ortega-Guerrero et al., 1997; Hendry and Wassenaar, 1999; Hendry and 
Wassenaar, 2000; Degueldre et al., 2003; Hendry et al., 2004). Considering the 
documented evidence within Australia (above) of higher salinity waters residing in 
low permeability, highly weathered regolith materials, the impact of mixing between 
saline pore waters and groundwater may have a significant influence on the quality of 
surface water and groundwater. Furthermore, flow-related mixing processes may also 
impact the isotopic composition of groundwater and limit the interpretive capacity of 
stable and radiogenic isotope data in hydrogeochemical studies. These mixing 
processes have been particularly problematic for 36Cl-based age assessments of 
regional groundwater studies (i.e., Bentley et al., 1986; Phillips et al., 1986; Hendry
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and Schwartz, 1988; Fabryka-Martin et al., 1991; Torgersen et al., 1991; Love et al., 
2000). This study presents a detailed assessment of the chemical and isotopic 
composition of saturated and unsaturated zone pore fluids and groundwater in order to 
assess geochemical and biogeochemical processes and for understanding solute 
sources, mobility, and transport timeframes in the context of groundwater salinity. A 
thorough evaluation of the origins, nature and mobility of salt stores in one study area 
could prove useful for understanding the nature of other salt-affected landscapes 
throughout the Murray Darling Basin and other semi-arid regions of Australia.
This investigation is focused on the well studied Barmedman Creek catchment area 
within the Bland basin of central New South Wales.. The Barmedman Creek 
catchment is chosen because it is representative of low-lying, salinized landscapes in 
the Murray-Darling Basin, and because of an extensive physical and chemical 
database as a result of previous studies of the GILMORE project (i.e. Phillips et al., 
2002). The GILMORE study was a multi-disciplinary approach towards quantifying 
the physical characteristics and subsurface distribution of regolith materials and their 
relationship to the distributions of subsurface salt stores (i.e. Lawrie et al., 2000). 
Furthermore, as a result of the GILMORE project, access to a network of permanent 
piezometers was available for sampling of groundwater within the Barmedman Creek 
catchment in the south-western portion of the Bland Basin (Figure 1.2). In addition, a 
comprehensive hydrogeochemical investigation was carried out for the Bland Basin 
(Carrara, 2005) to understand processes controlling groundwater flow and 
groundwater quality. Carrara (2005) sampled groundwater from bores regulated by 
the New South Wales Department of Infrastructure Planning and Natural Resources 
located to the east of Barmedman Creek Catchment. This study provides an
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opportunity to compare and contrast the physical and chemical controls on 
groundwater quality in a small sub-catchment (25km x 25km) of the larger Bland 
Catchment studied by Carrara (2005). The aims of this study are to understand the
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Figure 1.1: Location of study area within the Bland Basin, central New South Wales (NSW), 
Australia. Adapted from Forbes, NSW and Cootamundra, NSW 1:250 000 map sheets (courtesy 
Geoscience Australia).
mechanisms controlling the evolution of groundwater from a fresh rainwater source to 
salinity values approaching that of seawater, and to assess the mobility of solutes in a 
highly variable regolith stratigraphy. This study aims to provide additional insights 
into the physiochemical processes in saline semi-arid catchments that are beneficial to 
both the scientific community and land management authorities. The study will first 
consider differences in the chemical composition, stable isotopic composition, and 
radiogenic isotopic composition of rainwater, pore waters, and groundwater, and their
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relationship to the physical and chemical characteristics of the regolith. The study will 
assess the mobility of solutes in the regolith by considering spatial variations 
ingroundwater Cf, Br' and S 0 42' concentrations and by interpreting pore fluid 
compositions from two diamond core holes. In addition to the chemical composition 
of pore waters from the two diamond cores, 4 shallow (< 3 m) push cores were 
completed within the unsaturated zone and pore water was extracted at 2 cm intervals 
to understand the geochemical and biogeochemical processes occurring during 
groundwater recharge. Finally the origin, age and mobility of solutes will be further 
considered via cosmogenic chlorine-36 compositions of unsaturated and saturated 
zone pore waters and groundwater.
GAC23
GDH04,
GAC28GRB12 GRB14
GRB13 GRB20
GAC22
Barmedman ■
GAC1
10 K m 1
Figure 1.2: Permanent piezometer locations within the Barmedman Creek catchment of the Bland 
Basin. Adapted from Cootamundra 1:250 000 map sheet. (Contour interval = 50 m)
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Despite the many studies published already, the processes that affect the origin, nature 
and mobility of solutes in low-lying semi-arid landscapes are not well understood. 
Without this understanding, scientists are limited in interpreting existing 
hydrogeochemical data, and in developing effective management strategies for 
remediation and land management.
The objective of this thesis is to contribute to the scientific understanding of 
subsurface solute sources and dynamics in salinized landscapes. The body of the 
thesis presents and discusses the chemical and isotopic compositions of saturated and 
unsaturated zone pore waters and groundwater from a heterogeneous aquifer system 
that hosts highly saline groundwater. The methods, results and interpretations are 
presented as three chapters (Chapters 3-5) in manuscript format. These chapters are 
written in manuscript format to ease preparation of journal submission. Chapter 3 
presents chemical and isotopic compositions of pore water and groundwater and 
discusses saturated zone hydrogeochemical processes. Chapters 4 and 5 present 
chemical and isotopic compositions of unsaturated zone pore waters and discuss 
geochemical and biogeochemical processes occurring during groundwater recharge 
and their influences on the chemical composition of regional groundwater.
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2 HYDROGEOCHEMICAL BACKGROUND OF
GROUNDWATER SALINITY
2.0 Introduction
Numerous studies have focused on identifying the origins of solutes (i.e., Gunn and 
Richardson, 1979; Turner et ah, 1987; Jones et ah, 1994; Herczeg et ah, 2001; 
Cartwright et ah, 2004, Cartwright et ah, 2007b) and the distribution and mobility of 
solutes in landscapes of various climates, geographic settings and land usages in 
Australian (i.e., Dimmock et ah, 1974; Peck et ah, 1981; Johnston, 1987a; Timms et 
ah, 2001).
Mineral weathering can play an important role in the geochemical evolution of 
groundwater (i.e. Gunn and Richardson, 1979; Gunn, 1985; Salama et ah, 1999; 
Harrington and Herczeg, 2003; Cartwright et al.,,2004). Salama et ah (1993) 
attributed the increased concentration of solutes below the root zone, where 
evapotranspiration was considered negligible, to the loss of water through chemical 
weathering reactions. Other studies evaluated the contributions of cyclic solutes to 
soil and water salinization throughout Australia (i.e. Hingston and Gailitis, 1976; 
Blackburn and McLeod, 1983; Simpson and Herczeg, 1994). Most studies have 
focused almost entirely on understanding the sources and nature of solutes and how 
rising groundwater tables have mobilized unsaturated zone solute stores. Little work 
has been done towards understanding saturated zone solute stores and their mobility.. 
A greater understanding is needed of the the timeframes of solute accumulation and 
the geochemical processes controlling subsurface distributions and mobility in semi-
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greater depths in the profile, which the authors concluded was the result of downward 
leaching of the salt stored in the near surface soils prior to clearing of native 
vegetation. The effects of evapotranspiration on the chemical composition of 
groundwater in the Otway Basin, Australia were discussed by Love et al. (1993), 
where they noted near linear increases of SO4, Na and Mg concentrations with 
increasing C1‘ concentrations. They concluded that evapotranspiration of rainwater in 
the unsaturated zone was responsible for the observed ion concentration trends. Ca/Cl, 
K/Cl and HCO3/CI ratios verses C1‘ plots showed more scatter which was attributed to 
ion exchange and calcite precipitation. In an attempt to differentiate the individual 
contributions of evaporation and transpiration, Love et al. (1993) considered 
deuterium with respect to Cf concentration of groundwater. A poor correlation 
between deuterium composition and C f concentration of groundwaters led the authors 
to conclude that mixing of different end member waters subjected to varying degrees 
of evaporation and transpiration was occurring during groundwater recharge.
Turner et al. (1987) noted relatively constant values of stable isotopic compositions 
with increases in C f concentration in groundwater sampled from highly weathered 
regolith material in southwest Western Australia. Based on the lack of isotopic 
enrichment with increasing salinity, transpiration rather than evaporation was 
determined as the dominant solute concentrating mechanism responsible for the 
measured solute concentrations in groundwater. Zimmerman et al. (1967) measured 
the effects of evaporation on deuterium profiles in soil profiles of constant soil 
moisture and steady atmospheric conditions in central Europe. The authors concluded 
that the rate of downward diffusion of deuterium is equal to the rate of upward 
evaporative flux. As a result, the observed penetration depth of deuterium-enriched
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water was inversely proportional to the rate of evaporation. Although the effects of 
infiltration of rainwater on the stable isotope depth profile were not considered, the 
experiments demonstrated the depths to which evaporation is likely to occur under 
specific soil and atmospheric conditions. Allison and Hughes (1983) considered the 
depth profiles of O and deuterium composition of soil water in a semi-arid area of 
southern Australia and noted isotopic enrichment trends similar to Zimmerman et al. 
(1967). Allison and Hughes (1983) determined that evaporation was responsible for 
the observed isotopic enrichment in the near surface, and depth of enrichment was 
dependent on the rate of evaporation. The evidence from stable isotopes of water 
(discussed above) indicates evapotranspiration is a dominant process in the 
unsaturated zone and would have a large influence on solute dynamics in semiarid 
areas of Australia.
2.1.2 Climate and Topography
Within Australia, subsurface solute concentrations exhibit inverse relationships to 
annual precipitation (i.e. Dimmock et al., 1974; Johnston and McArthur, 1981; Turner 
et al., 1987) and subsurface solute distributions are related to landscape morphology 
(i.e. Dimmock et al., 1974; Johnston et al., 1980; Johnston and McArthur, 1981; 
Gunn, 1985). In the Darling Range of southwest Australia, low rainfall (<800 mm/yr) 
catchment areas exhibited subsurface salt stores up to 5 times greater than in higher 
rainfall (>1000 mm/yr) catchments (Dimmock et al., 1974). They also noted the depth 
of peak solute concentrations was dependent on the topographic position, where peak 
salinity was encountered towards the bottom of profiles (~10 m) in upper landscapes 
and more towards the surface (~6 m) in lower landscapes. The distribution of Cl' in 
soil profiles and its relationship to landscape position was further investigated by
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Johnston et al. (1980). Two profile types were described; a bulge profile and a 
monotonic profile. Bulge profiles were characterized by a rapid increase in salinity 
with the maximum value at intermediate depths, followed by a marked decrease in 
concentration at deeper levels. The monotonic profiles were defined as those which 
exhibited a near linear increase in salinity to a specific depth, underneath which there 
were relatively uniform values. Bulge profiles correlated with lower landscape 
positions and exhibited unsaturated zone solute concentrations significantly greater 
than other topographic positions. The monotonic profiles were encountered in upper 
landscape positions, and in areas of higher rainfall. Johnston (1981) noted similar 
relationships and described locations of peak salinity in soil profiles with respect 
unsaturated and saturated zones salt stores. In low rainfall areas, the greatest salinity 
values were located within the unsaturated zone, whereas in high rainfall areas, the 
peak salinities were located in the saturated zone. This was attributed by Johnston 
(1981) to lower infiltration rates and greater degrees of evapotranspiration occurring 
in areas o f lower rainfall.
2.1.3 Cyclic Salts
Cyclic salts are widely considered as marine sourced solutes deposited within 
landscapes that can be remobilized by physical and chemical weathering processes. 
Cyclic salts have been attributed to the occurrence of dryland salinity development 
throughout Australia (i.e. Blackburn and McLeod, 1983; Herczeg et al., 1993; 
Simpson and Herczeg, 1994; Jolly et al., 1997; Herczeg et al., 2001). Blackburn and 
McLeod (1983) and Simpson and Herczeg (1994) used the bulk composition and 
various ion ratios of rainwater to estimate the contributions of continental dust and 
marine aerosols to the accumulation of solutes in Australian landscapes. The studies
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arid areas of Australia to better manage the risk of secondary salinization of soil and 
water.
2.1 Salinization Mechanisms
Solutes have been accumulating in the Australian regolith for extremely long periods 
of time and saline land and water are natural features of semi-arid to arid regions 
around the world (i.e. Allison et al., 1985, Cook et al., 1992, Tyler et ah, 1996, 
Cartwright et ah, 2007a), Salinisation of land and water results from changes in the 
hydrologic budget that mobilize solutes in soil and water (i.e. Salama et ah, 1999). 
The occurrence of dryland salinity in Australia has been associated with factors such 
as climate, landscape, geology, mineral weathering, soil processes, hydrology, 
evapotranspiration, cyclic solutes, and land use. The specific mechanisms and 
chemical reactions related to these factors are considered individually below to assess 
comprehensively the origin, nature and mobility of solutes in semi-arid landscapes.
2.1.1 Evapotranspiration
More than half of all rainfall that reaches the earth’s surface is returned to the 
atmosphere by evaporation or transpiration by plants (Drever, 1997). Within 
Australia, the Murray Basin experiences a mean annual loss of 90-95 vol. % of initial 
precipitation volume due to evapotranspiration (Simpson and Herczeg, 1991). The 
effects of transpiration on the concentration of solutes in the unsaturated zone were 
observed by Cook et ah (1989), as a marked increase in Cl' concentration within the 
top 2 m of numerous soil profiles beneath mallee vegetation in the western Murray 
Basin. In adjacent cleared land, the peak in Cl' concentration was encountered at
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found that cyclic salts could account for up to half of the total salt deposition in the 
Murray-Darling Basin. Chivas et al. (1991) measured the sulfur isotopic composition 
of rainwater, groundwater and sulfate minerals within sediments and determined that 
up to 55% of sulfate in shallow saline groundwater and playa lakes in various inland 
areas throughout Australia consisted of marine derived cyclic salts. Based on the 
chemical composition of shallow saline groundwater sampled in southwest New 
South Wales (Murray Basin) Jones et al. (1994) determined marine-derived aerosols 
are the dominant source of dissolved solutes. The marine-like chemical composition 
and meteoric isotopic composition led Jones et al. (1994) to conclude that leaching of 
cyclic solutes by infiltrating rainwater was the mechanism by which the solutes were 
mobilized.
2.1.4 Geology and Mineral Weathering
Water-rock interactions can have a significant control on the chemical composition of 
groundwater and also represent a dominant source of solutes in low salinity systems 
(i.e. Appelo and Postma, 1993; Drever, 1997; Cartwright et al., 2004). Salama et al. 
(1999) proposed that mineral dissolution was a dominant process contributing solutes 
to groundwater in arid/semiarid areas. Gunn (1985) noted variations in groundwater 
composition that corresponded to variations in lithology of the underlying, weathered 
in situ regolith. The authors from both studies noted greater salinity values in 
groundwater in contact with highly weathered igneous and metamorphic rocks 
relative to weathered sedimentary rocks. Furthermore, salt-affected soils were only 
encountered in areas overlying weathered bedrock, despite the presence of a thick C 
horizons in areas overlying unweathered bedrock. These observations led the authors 
to conclude that mineral weathering was a significant solute source to soil water and
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groundwater. More recently mineral weathering has been identified as only a minor 
source of solutes to groundwater systems and evidence for these processes can only be 
detected with major element chemistry of low salinity groundwater samples (i.e. 
Herczeg et al., 2001; Harrington and Herczeg, 2003; Cartwright et ah, 2004, 2005, 
2006, 2007b).
Surface water samples collected from the River Murray that exhibited element to 
chloride ratios in excess of those expected from marine derived aerosols were 
associated by Herczeg et ah (1993) to mineral weathering. They determined that 
mineral weathering was responsible for up to 98 wt. % of HCO3-, 80 wt. % Ca, 35 wt. 
% K, 25 wt. % S O 4 2' and 20 wt. % of the Mg present in the River Murray and its 
tributaries. However, because the surface and groundwater samples were dominated 
by marine sourced Na and Cl, the authors concluded that contributions of cyclic 
solutes dominated those from mineral weathering reactions. Based on HCOf/Cl" 
ratios of groundwater from the Murray Basin, Herczeg et ah (2001) determined that < 
wt. 20% of total solutes present are the result of mineral weathering.
Salt output/input ratios were utilized by Peck and Hurle (1973) to evaluate the effects 
o f land clearance on chloride balances within several catchments in southwest 
Western Australia. The study revealed that land cleared of vegetation exported up to 
20 times more Cl/hectare than was being introduced by rainfall. The authors 
concluded that leaching of solutes by rising groundwater tables was responsible for 
the large output/input ratio.
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The influence of cation exchange, silicate weathering and clay formation on 
groundwater composition in the Great Artesian Basin (GAB) was evaluated by 
(Herczeg et ah, 2001). They discussed mineral weathering and exchange mechanisms 
responsible for NaHCOs waters in the GAB. Groundwaters were found to be in 
equilibrium with kaolinite-smectite minerals. Based on geochemical modelling 
results, the authors attributed measured concentrations of Na and HCO3 to carbonate 
dissolution, cation exchange and conversion of kaolinite to Na-smectite.
2.1.5 Soil Processes
Physical and chemical reactions between natural waters and host soil media such as 
cation exchange and adsorption can play a significant role in controlling the chemical 
composition of surface water, soil water and groundwater. The role of ion exchange 
on the chemical composition of waters of various salinity values was investigated by 
Arad and Evans (1987). In this study the authors attributed measured variations in Na 
and Ca concentrations in low salinity waters to the exchange of Ca in groundwater for 
Na occupying the interlayer exchange sites on 2:1 clays. The authors found that Na 
was exchanged for Cain higher salinity waters with Na concentrations in excess of 30 
meq/L. Cartwright et al., 2007b indicated that cation exchange can be an important 
process controlling 87Sr/86Sr ratios in groundwater, however the authors highlighted 
that this process had only a minor impact on major element chemistry along the flow 
path. Berry (1969) described cation and anion exchange as a process whereby ions 
were selectively adsorbed to the interlayer exchange sites on clays and thus removed 
or filtered from solution. The author presented an adsorption sequence for halogens 
where C f was preferentially adsorbed with respect to Br', which was preferentially 
adsorbed over T. Gunn (1985) sited this preferential adsorption process as a potential 
mechanism contributing to the elevated C f levels observed in clay-rich pallid zones in
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southern New South Wales. Preferential retention of S O 4  ’ relative to C f was 
demonstrated experimentally by Yaalon (1965) and was attributed to interactions with 
the soil materials. Mayer et al. (2001) conducted field experiments which irrigated 
various soil types with applied S O 4  tracers and noted that greater than 80 % of the 
applied S O 4  ’ was retained within the soil matter. The total retention of S O 4  ’ 
correlated with increasing sesquioxides content of soils and the authors concluded that 
adsorption onto mineral surfaces was the dominant sink for inorganic sulphate. 
Seaman et al. (1996) demonstrated the anion sorption capacity of iron oxide coated 
sediments by eluting columns of predominantly sandy materials with a range of Br" 
solutions under different pH conditions. The authors found the degree of Br' 
retardation correlated better with iron oxide content of sediments than with pH. 
Gerritse and George (1988) attributed low Br/Cl ratios relative to meteoric input in 
near surface soil water to biogeochemical processes and the preferential uptake of Br' 
by vegetation. The authors experimentally demonstrated the sorption capacity of 
organic materials in sediments containing relatively low (2-7 wt. %) organic carbon. 
The authors proposed that oxidation of near-surface organic materials could produce 
elevated Br/Cl ratios in groundwater. A similar theory was proposed by Kreitler and 
Jones (1975), where elevated N O 3 ' levels in groundwater were attributed to the 
oxidation of naturally occurring soil nitrate following cultivation.
2.1.6 Biogeochemical Processes and Nutrient Cycling
Solute distributions in the near surface of the unsaturated zone are often influenced by 
biogeochemical processes. Bioassimilation of inorganic carbon, nitrogen, sulphur and 
phosphorus can act as a significant sink for these elements during infiltration of 
rainwater through near surface sediments (i.e., McGill and Cole, 1981; Johnson, 1984;
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Boring et al., 1988; Mayer et al., 1995a; Mayer et al., 1995b; Mayer et al., 2001; 
Novak et al., 2003; Walvoord et al., 2003). Nutrient cycling by plants can also 
influence unsaturated zone solute dynamics (i.e., Foulds, 1993; Jobaggy and Jackson, 
2001; White et al., 2006). Little attention has been focused on the effects of 
biogeochemical processes and nutrient cycling on the chemical composition of 
regional groundwater. Kreitler and Jones (1975) and Walvoord et al. (2003) 
highlighted the importance of biogeochemical processes with regard to nitrogen and 
Mayer et al. (1995b) pointed out the importance of soil microbial processes on 
influencing the stable isotopic ratios of sulphur and oxygen. The effects of nutrient 
cycling by plants on the cation composition of groundwater have only been recently 
highlighted by studies in Victoria, Australia (Edwards and Webb, 2006) and in 
California, USA (White et al., 2006).
2.1.7 Hydrology
Unsaturated zone
Advective transport was described by Johnston et al. (1980) as the primary factor 
affecting the distribution of soluble solutes in soils. When considering numerous C f 
depth profiles in soils from southwest WA, Johnston et al. (1980) associated vertical 
zones of uniform solute concentrations with the location of the saturated zone. Rates 
of recharge and preferred flow paths through lateritic soil profiles were investigated 
by Johnston et al. (1983). Use of fluorescent dye tracer allowed the authors to observe 
the vertical extent of recharge and the pathways of flow through soils of varying 
physical properties. The authors observed near uniform infiltration and distribution of 
the tracer dye in coarser grained material while in clay-rich saprolite materials, the 
movement of water was confined to vertical channels of coarser grained materials that
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were associated with the presence tree roots. The vertical root channels were 
described to consist of live to variably decomposed roots surrounded by a highly 
permeable quartz rich material. The authors noted low permeability, unsaturated 
material present at the margins of the vertical channels. Minor lateral diffusion of the 
dye into the surrounding clay rich material was observed. The authors highlighted the 
significance of vertical channels for recharge of rainwater to near surface aquifers and 
subsequent connectivity with deeper confined aquifers.
Anthropogenic radiogenic isotopes have also been utilized as hydrogeochemical 
tracers to understand flow behaviour in the unsaturated zone, in particular, tritium and 
chlorine-36. The potential applications of radioisotopes generated from nuclear 
weapons testing as tracers in hydrogeologic studies were first demonstrated through 
measurements of tritium in spring water, well water and river water by Begemann and 
Libby (1957). The study was the first to recognize bomb pulse tritium in northern 
hemisphere rainwater in 1954. In the United States, Schmalz and Polzer (1969) used 
bomb-tritium measurements of unsaturated zone soil water to estimate groundwater 
recharge rates. Within Australia, tritium concentrations of rainwater and wine were 
measured to determine tritium fallout between 1950 and 1974 (Allison et al., 1971; 
Allison and Hughes, 1977). It was found that the peak in bomb-tritium fallout 
occurred from 1965-1966, which was represented by an order of magnitude greater 
tritium concentration in rainfall than natural background levels. This is in contrast to a 
three orders of magnitude peak in northern hemisphere fallout, which occurred from 
1962-1963. Applying the known history of bomb-tritium fallout in southern Australia, 
Allison and Hughes (1972) utilized tritium concentrations of unsaturated zone soil 
water to assess vertical recharge dynamics in areas of differing vegetation types.
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However, bomb-pulse tritium levels have since decayed (Walker et al., 1992) and 
therefore tritium is no longer useful as a hydrogeologic tracer. However, natural 
tritium concentrations in rainfall (~ 3.5 TU) are still well above the detection limits 
(0.1 -0.3 TU) and tritium is still used as conventional subsurface tracer ( i.e. Cook et 
al., 2005; Cartwright et al 2007a). Chlorine-36, however, was also a product of 
nuclear weapons testing, and because of its longer half-life (301,000 yrs), remains a 
potential tracer in hydrogeologic studies. Elmore et al. (1979) conducted the first 
successful measurements of 36C1 in natural water using a tandem accelerator mass 
spectrometry. The authors suggested the presence of bomb-pulse 36C1 in an ephemeral 
river water sample believed to be of atmospheric origin. Bentley et al. (1982) also 
recognized bomb-pulse 36C1 in natural waters. The authors stated that because bomb- 
pulse Cl was generated from thermal neutron activation of Cl, Cl fallout pulse 
occurred over a relatively short period of time and could be simulated with global 
atmospheric circulation models. Their model was then calibrated with 36C1 
measurements of U.S. rainwater, river water, groundwater, and Greenland ice core 
samples. The fallout pulse reportedly occurred from 1953-1964 with mid-latitude 
fallout maximum 1000 times greater than natural background. Therefore, bomb pulse 
36C1 in groundwater has likely originated from meteoric deposition between the years 
1953-1964 and provides a mean for recognizing relatively young recharge water and 
groundwater. Keywood et al. (1998) sampled rainwater over a two year period from a 
west-east transect and south-north transect in Australia. The study revealed large 
seasonal fluctuations in Cl fallout and poor correlation between rainfall amount and 
fallout rate. However, they found that fallout in the southern hemisphere agreed with 
the predicted global fallout by Lai and Peters (1967). Considering the lag time in 
bomb-pulse tritium fallout between the northern hemisphere and southern hemisphere,
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and peak fallout two orders magnitude less than observed in the northern hemisphere 
(Allison and Hughes, 1977), atmospheric fallout of bomb Cl likely also occurred 
later than 1964 in the southern hemisphere. Although the magnitude of peak 36C1 
fallout was likely less than in the northern hemisphere, the effects of fallout of nuclear 
weapons generated chlorine has been highly recognizable within groundwater and soil 
water in Australia, although often diluted substantially through mixing with non-bomb 
pulse waters (i.e., Bentley et ah, 1986; Fifield et ah, 1987; Turner et ah, 1987; Walker 
et ah, 1992; Cook et ah, 1994; Jacobson et ah, 1998; Cartwright et ah, 2006).
Saturated Zone
The effects of highly heterogeneous regolith materials on groundwater hydrogeology 
have been well studies in Australia (i.e., Johnston, 1987b; George, 1992; Mazor and 
George, 1992). Far less attention has been focused on the effects o f highly 
heterogeneous aquifer systems on subsurface solute distributions and mobility. 
Greater salinity waters commonly reside within low permeability hydrogeologic units 
and have been recognized as potential solute sources to groundwater in the well 
studied Milk River aquifer system in Canada (i.e., Domenico and Robbins, 1985; 
Phillips et ah, 1986) and the Great Artesian Basin in Australia (i.e., Bentley et ah, 
1986; Love et ah, 2000). These studies recognized that mixing between different 
hydrogeologic units had a significant influence on the chemical composition of 
groundwater. The interaction between saline pore fluids in a clay rich aquitard and a 
freshwater aquifer was assessed by Ortega-Guerrero et ah (1997) and Degueldre et ah 
(2003). The authors presented saturated zone ö180  profiles and noted isotopic 
enrichment of aquitard pore fluids relative to aquifer water. However, near the 
aquitard/aquifer boundary, the pore fluids were more depleted in 8 O, and trended
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more towards those of the aquifer water. The authors concluded that the hydraulic 
gradient was sufficiently great enough for the isotopically depleted groundwater to 
flow upward through the aquitard. Love et al. (1993) noted the opposite occurring in a 
multi-aquifer system in South Australia. In this system, the hydraulic gradient of a 
lower confined aquifer was not sufficient to offset the downward leakage from an 
overlying unconfined aquifer. The authors’ interpretation was based on stable isotope 
analyses, which indicated mixing of two isotopic end member waters. Similar vertical 
mixing between a confined and unconfined aquifers in Victoria, Australia was 
observed by Arad and Evans (1987) where similar ionic ratios existed between saline 
water o f an unconfined aquifer and fresh water of a confined aquifer. The role of 
aquitards as osmotic membranes was evaluated by Back (1986), where osmotic flow 
was considered responsible for mixing of different salinity water across an aquitard 
membrane.
Far fewer studies have investigated the effects of physical heterogeneity o f aquifer 
materials on solute mobility. Domenico and Robbins (1985) noted large spatial 
variations in C f concentration in regions of the Milk River aquifer system which 
contained areas of greater physical heterogeneity. The authors concluded that greater 
salinity connate pore waters were mixing with less saline groundwater flowing 
through conduits of greater hydraulic conductivity. Wood et al. (1990) discovered the 
presence of intragranular pore spaces in course grained aquifer materials that 
contained waters of unique chemical composition compared to interstitial pore waters. 
Tracer experiments conducted on these materials revealed a high potential for 
diffusion between the intragranular and interstitial waters and the authors indicated a 
need for consideration of this process for modelling solute mobility in aquifers.
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36C1 based groundwater dating studies have been particularly limited by the effects of 
mixing between waters of different ages and geochemical origin. Well known studies 
from within The Great Artesian Basin (GAB) in Australia and the Milk River Aquifer 
in Canada have encountered uncertainties associated with “age mixing” (i.e., Bentley 
et ah, 1986; Phillips et al., 1986; Hendry and Schwartz, 1988; Fabryka-Martin et al., 
1991; Torgersen et al., 1991; Love et al., 2000). Love et al. (2000) observed an
'X fiincrease in C f concentration and decrease in Cl/Cl ratios along the flow path in the 
GAB that was attributed to diffusion of older, more saline waters from an overlying 
aquitard unit. Fabryka-Martin et al. (1991) reported CF concentrations of pore waters 
leached from drill cuttings from within the Milk River Aquifer system that were 3 
times greater than groundwater. The authors suggested that mixing between ancient 
connate waters and groundwater resulted in an overestimation of the groundwater 
residence times presented by Phillips et al. (1986) and Hendry and Schwartz (1988). 
The authors presented corrected ages that were half than previously estimated and that 
were in better agreement with the hydrodynamic age estimates.
The following four chapters (Chapters 3, 4, 5 & 6) present and discuss the chemical 
and isotopic composition of rainwater, surface water, soil pore water and groundwater 
to understand the hydrogeochemical processes resulting in a highly salinized aquifer 
system in central New South Wales, Australia (Figure 1). Chapters 3, 4, & 5 are 
presented in publication manuscript format to ease preparation of journal submission. 
Chapter 6 is a general discussion and summary chapter and Chapter 7 concludes the 
thesis.
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3 EFFECTS OF MIXING ON GROUNDWATER SOLUTE 
CONCENTRATIONS AND 36C1 BASED AGE
CALCULATIONS
3.0 Introduction
Salinization of groundwater and surface water resources is a serious environmental 
issue in semi-arid areas of Australia. Within the Murray-Darling Basin (MDB) of 
south eastern Australia, it is predicted that up to 1,500,000 hectares of land will be 
affected by saline groundwater and surface water by the year 2010 (Starr, 1999). In 
this region, a considerable amount of research has focused on understanding 
unsaturated zone solute stores, particularly the mobilization of these solute stores by 
rising groundwater tables (Allison and Hughs, 1983; Calf et al., 1986; Allison et al., 
1990; Cartwright and Weaver, 2005). Simpson and Herczeg (1994) estimated total Cl 
storage in the Murray-Darling basin to be 2 x 1015 mol, with 70% of that estimate 
residing within the Murray Basin. Based on current Cl deposition rates authors 
estimated the time-frames of accumulation to be 5 x 104 for the Darling and 1.8 x 105 
for the Murray Basin. However, because precipitation is thought to have been 
significantly lower during the last glacial period, the authors estimate that the 
timeframes of Cl accumulation in the MDB may be an order of magnitude higher than 
estimated. The authors highlight the uncertainties in their estimates of subsurface 
solute stores and also their mobility (i.e. export from the MDB). This lack of 
understanding creates a difficulty in predicting short term and long term effects of 
land and resource management and climate change. Furthermore, heterogeneity of 
aquifer materials frequently results in heterogenous solute distributions, further 
complicating interpretations of past, present and future solute dynamics. A
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fundamental difficulty faced when addressing problems relating to salinization of 
groundwater is quantifying the effects of mixing between waters of different chemical 
compositions. Groundwater dating studies have also been inhibited by the effects of 
mixing, particularly those which have utilized the radiogenic isotope, chlorine-36.
Mixing effects on groundwater solute concentrations
Higher salinity waters commonly reside within fine grained, low permeability 
materials and are identified as significant solute sources to groundwater in the well 
studied Milk River aquifer system in Canada (i.e., Domenico and Robbins, 1985; 
Phillips et al., 1986) and the Great Artesian Basin in Australia (i.e., Bentley et al., 
1986b; Love et al., 2000). These studies demonstrate how mixing of waters from 
different hydrogeologic units can significantly influence the chemical composition of 
groundwater along a flow path. Far fewer studies have investigated mixing between 
waters residing in higher and lower permeability materials within the aquifers 
themselves. Domenico and Robbins (1985) noted large spatial gradients of C f 
concentration gradients in regions of the Milk River aquifer system, which coincided 
with areas of greater physical heterogeneity. They attributed this to mixing of higher 
salinity connate pore waters with less saline groundwater flowing through preferential 
flow paths of greater hydraulic conductivity. More recently, Wood et al. (1990) 
recognized the presence of intragranular pore spaces in coarse-grained aquifer 
materials, and a chemical disequilibrium between interstitial and intragranular pore 
water. The authors experimentally demonstrated the occurrence of diffusion between 
the intragranular and intergranular pore spaces and suggested a need for consideration 
of this process for modelling solute mobility in aquifers.
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Mixing effects on chlorine-36 ratios
Determination of actual groundwater ages is complicated by processes occurring in 
both the unsaturated and saturated zones. Mixing, filtration and halite dissolution can
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lower Cl/Cl ratios in groundwater and result calculated ages older than actual ages 
(Bethke and Johnson, 2002). Furthermore, determining an appropriate input ratio for 
age calculations is difficult and Cl age calculations can be inaccurate (i.e., Davis et 
ah, 1998). However, in most cases the effects of mixing between waters of different 
ages and geochemical origin represent the largest uncertainty in interpreting the 
measured 36C1/C1 ratios in groundwater. The Great Artesian Basin (GAB) in Australia 
and the Milk River Aquifer in Canada represent well studied aquifer systems that have 
encountered uncertainties associated with “age mixing” (i.e., Bentley et ah, 1986b; 
Phillips et ah, 1986; Hendry and Schwartz, 1988; Fabryka-Martin et ah, 1991; 
Torgersen et ah, 1991; Love et ah, 2000).
Great Artesian Basin
The GAB, along with the Milk River aquifer, were the aquifer systems chosen in early 
pilot studies to determine the suitability of 36C1 for dating of groundwater older than 
the 14C age limit (~ 50,000 yrs). The GAB was selected because the chloride 
geochemistry and hydrogeology were reasonably well constrained, and 
hydrodynamics suggested a potential for encountering groundwater older than 1 
million years (Bentley et ah, 1986b). The study focused on a section of a lower 
Jurassic sandstone aquifer that exhibited relatively constant Cl' concentrations and 
decreasing Cl/Cl along the flow path, making it an ideal system for age 
interpretations. However, several samples collected from the Jurassic aquifer in a 
different portion of the GAB exhibited greater CF and lower 36C1/C1 than those
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sampled down gradient. It was suggested that upward leakage of water from Devonian 
sediments containing halite produced the observed groundwater Cl" concentrations 
and Cl/Cl ratios. Bentley et al. (1986b) proposed an age calculation equation for 
these samples that corrected for the addition of the Cl free Cl' sourced from halite. 
Torgersen et al. (1991) later recognized the potential for mixing of waters of different 
origins, ages and chemical compositions within the GAB and offered this as a 
potential explanation for variability in Cl/Cl ratios observed in the central portion of 
the basin. Love et al. (2000) observed an increase in Cl" concentration and decrease in 
36C1/C1 ratios along the flow path of a confined aquifer within the southwest flow 
system of the GAB. The authors attributed this to diffusion of older, more saline 
waters from an overlying aquitard unit. They corrected for this process by modifying 
the decay equation to account for the effects of addition of “dead” Cl" on the measured 
j6Cl/Cl ratios and presented more representative flow ages for the confined system. 
However, the authors noted uncertainties in their calculations due to assumptions of 
Cl" concentration and Cl/Cl ratios of initial input values and saline aquitard mixing 
endmembers.
Milk River Aquifer System
Numerous Cl/Cl based groundwater dating studies have encountered similar 
difficulties with mixing within the Milk River aquifer system in Canada. Fabryka- 
Martin et al. (1991) reported Cl" concentrations of pore waters leached from drill 
cuttings that were 3 times greater than those in groundwater sampled from the same 
unit. They attributed this difference to the heterogeneous nature of the aquifer 
materials and resultant displacement of connate water from larger pore spaces and 
lack o f solute displacement from smaller, less permeable pore spaces. Diffusion of Cl’
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from these low permeability units was described as a major source of Cl' to the 
aquifer waters. The connate waters were assumed to exhibit considerably lower 
36C1/C1 ratios relative to meteoric input (i.e., 4x l0 '15 vs 550xl0'15) and that the mixing 
process resulted in an overestimation of the groundwater residence times from 
previous studies of the same system (Phillips et al., 1986; Hendry and Schwartz, 
1988). Age estimates corrected for mixing by Fabryka-Martin et al. (1991) were half 
those previously estimated and were in better agreement with the hydrodynamic age 
estimate.
The GAB and Milk River Aquifer studies demonstrate the need to understand solute 
distributions throughout the saturated zone in order to accurately quantify solute 
sources and sinks for groundwater within heterogeneous aquifer systems. In addition, 
there’s a need to understand solute distribution and mobility in low-lying, highly 
salinized catchments areas typical throughout the Murray-Darling Basin. This study
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demonstrates how the measurements of major element concentrations and Cl/Cl 
ratios in regional groundwater, as well as soil pore water extracted from saturated 
zone sediments, have provided a mean for quantifying solute mobility and mixing 
rates, and has allowed for reliable flow-age calculations for groundwater in a highly 
heterogeneous saline aquifer system. This method will prove useful for future 
groundwater studies focused on solute or contaminant mobility in complex 
hydrogeologic systems.
3.1 Regional Setting, Geology and Hydrogeology
This study focuses on the 25 x 25 km Barmedman Creek catchment located in the 
southwest portion of the Bland Basin in central New South Wales, Australia (Figure
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3.1). The Bland Basin is a low-lying palaeo-tributary system of the Lachlan River that 
is located within the Murray- Darling Basin. The majority of the Barmedman creek 
catchment is characterized by extremely low topographic relief (<0.7 m/km) which 
grades from south to north. The exception is an area of low relief granite outcroppings 
(<50m) in the south-eastern portion of the study area (Figure 3.3).
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Figure 3.1: Location of study area within the Bland Basin, central New South Wales (NSW), 
Australia. Adapted from Forbes, NSW and Cootamundra, NSW 1:250 000 map sheets (courtesy 
Geoscience Australia). Grids represent geographical easting and northing plotted at 10,000 metre 
intervals.
30
3.1.1 Geology
The study area is located within the Gilmore fault zone of the Lachlan Fold Belt. The 
Gilmore fault zone consists of north-northwest trending, east dipping back thrust 
faults (Warren et al., 1995). The Gilmore fault marks the boundary between 
metasediments and S-type granitoids of the Wagga-Omeo metamorphic belt to the 
west, and to the east, Ordovician-Devonian clastic sediments and intermediate to 
felsic volcanics (Thompson et al., 1986; Wormald and Price, 1988; Allibone et al., 
1995). The bedrock geology consists of north- northwest trending Cambro-Ordovician 
metasediments and granites, Ordovician intermediate volcanics and metasediments, 
and Silurian-Devonian clastic sediments (Warren et al., 1995).
Weathering in the Cenozoic has resulted in thick saprolite sequences (Wilford et al., 
2002) followed by deposition of up to 80 metres of sediments (Gibson et al., 2002). 
Stratigraphic palynology of Lachlan River alluvium (~60 km northeast of the study 
area) suggests that regional sedimentation occurred during the Miocene and Pliocene 
with the most significant deposition of sediments occurring during the Pliocene 
(Martin, 1991). Two depositional cycles, the Lachlan and Cowra formations, are 
recognized within the Lachlan alluvium to the northeast (Williamson, 1986). The 
basal Lachlan formation was described as coarse grained materials deposited by high 
energy river systems and the overlying Cowra formation was characterized as silts 
and clays deposited by low energy river systems under semi-arid conditions.
Sediments sampled from the Barmedman Creek catchment appear to reflect this 
regional depositional model and classification scheme. Wilford et al. (2002) identified 
lithofacies within the sedimentary sequence and related them to erosional and
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depositional processes. Basal sands and gravels were attributed to erosion of bedrock 
and deposition along palaeo-drainage lines. An overlying clay/silt unit is interpreted 
as colluvial transport of highly weathered bedrock within palaeo-valleys. The mid to 
upper sandy unit represents distally sourced sandy sediments deposited by fluvial 
systems. The uppermost clay and silt unit is believed to represent modem sheet flow 
alluvium/colluvium and possibly aeolian material. A generalized south to north cross- 
section of the sedimentary stratigraphy of the Barmedman Creek catchment is 
depicted in Figure 3.2.
3.1.2 Hydrogeology
Anderson et al. (1993) identified a large groundwater mound near present day Lake 
Cowal (30 km north of study area, see Figure 3.1) and a southward trending hydraulic 
gradient; they described the Bland Basin as a slowly filling basin no longer draining 
northward into the Lachlan River. This is supported by 14C groundwater ages that 
increase along the hydraulic gradient (south to north) until reaching Lake Cowal 
where younger groundwater is present in both the Lachlan and Cowra Formations 
(Carrara, 2005). The oldest groundwater dates reported for the Lachlan and Cowra 
formation are 26,000 yrs and 9,500 yrs respectively.
In 1999, airborne geophysical data, including airborne electromagnetic (AEM) and 
aeromagnetic data were collected from the Barmedman Creek catchment, located in 
the southwest portion of the Bland Basin, as part of a joint project coordinated by The 
Australian Geological Survey Organization (now Geoscience Australia) and The 
Bureau of Rural Sciences (i.e., Lawrie et al., 2000). An extensive drilling program 
was also carried out to ground-truth the airborne geophysical data. The geophysical
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surveys and drilling program revealed parallel zones of north-northwest trending 
shallow (~10 m) buried resistive ridges consisting of in-situ regolith materials derived 
from igneous and metamorphic units (Lawrie et al., 2000; Wilford et al., 2002). 
Adjacent to these buried ridges are palaeo-valleys containing up to 80 metres of 
transported sediments (Lawrie et ah, 2000; Gibson et ah, 2002). Preferential 
groundwater flow was interpreted as occurring from south to north through the more 
conductive sediments within the north-northwest trending buried palaeo-valleys (i.e., 
Lawrie et ah, 2000). Furthermore, higher electromagnetic conductivity was measured 
in the shallow clay rich in-situ saprolite materials compared to the thicker transported
~  80 m
y~\ Sandy-Clay | ^ |  Clay Silty-Sand | ^ |  Silty-Clay j | | |  Sand j^>] Saprolite/Saprock [ v j  Unweathered Bedrock
Figure 3.2: Generalized south to north cross-section of unconsolidated sedimentary stratigraphy of Barmedman 
Creek catchment. Adapted from (Gibson et al., 2002; Wilford et ah, 2002).
sediments. The clay rich in-situ regolith materials were identified as potential salt 
stores to the coarser grained transported sediments that comprise the main alluvial 
aquifer within the Barmedman Creek catchment (Lawrie et ah, 2000).
In 2000, 19 piezometers were installed within the Barmedman Creek catchment 
(Figure 3.3). “GAC” and “GDH” piezometers have a diameter of 12.5 cm while 
“GRB” piezometers have a diameter of 5.0 cm. The slotted intervals vary in length
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from 1 metre to 6 metres and are situated in materials of variable hydrogeologic 
properties, including fine grained saprolite materials. The majority of the piezometers 
intersect the middle sand unit described by Wilford et al. (2002), and in the majority 
of the catchment, this unit is overlain by >10 m of clay and silt (Figure 3.2). However, 
in the vicinity of granite outcropping areas in the southern portion of the catchment, 
the middle sand unit outcrops the surface (Figure 3.2). This middle sandy unit seems 
analogous to the Cowra Formation described by Williamson (1986). The hydraulic 
conductivities measured by the BRS in piezometers intersecting this aquifer system
GAC23
GAC26/
GDH04C
GAC28GRB14
GAC22
Barmedmaq ■
GAC16VAC17
GAC1
C yG D H 03
AC 14
10 Km'
Figure 3.3: Piezometer and sediment diamond core locations within the Barmedman Creek 
subcatchment of the Bland Basin. Adapted from Cootamundra, NSW 1:250 000 map sheet (50 metre 
contour interval). Grids represent geographical easting and northing and depicted as 10,000 metre 
intervals.
Results of pump and slug tests conducted on piezometers intersecting the middle 
sandy unit by the Bureau of Rural Sciences in 2001 revealed hydraulic conductivity 
values of 10~4 - 10’5 m/s. Hand-held GPS water levels elevations revealed a general 
south to north hydraulic gradient.
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3.2 Methods
Regolith materials were sampled by the Australian Bureau of Rural Sciences (BRS) in 
2001 via diamond coring at two locations, GDH03 and GDH04 (Figure 3.3), to depths 
of 59 and 80 m respectively. Grain size analyses were performed using laser 
scattering by Geoscience Australia on selected 2 cm intervals of diamond core 
materials in 2006. Soil pore water was extracted by the BRS from saturated zone 
regolith materials with a uniaxial compression device at the BRS laboratories in 
Canberra, ACT in 2001. Pore water samples were collected in sterile 10 mL syringes 
then filtered through a 0.45 pm filter into sterile viles. Piezometer elevations and 
horizontal coordinates (GDA94 geographic coordinates) were measured with a 
Differential GPS in 2006 as part of Geoscience Australia’s National Geospatial 
Reference Systems Project. Spatial data were logged for ~ 4 hrs at each location and 
3-D coordinate results reported accurate to within 5 cm. Depth to the water table was 
measured with a graduated dip meter. Mean annual rainfall, calculated from monthly 
measurements by the Australian Bureau of Meteorology from 1887-2005, is 480 
mm/yr. The majority of the study area has been cleared of native Eucalypt vegetation 
and is presently cultivated with canola and wheat.
Groundwater was sampled in this study from permanently installed piezometers in 
2004 using a Grundfos™ electrical submersible pump equipped with a Teflon hose. 
H C03 was determined in the filed by titration of known sample volume with known 
volume and concentration (mol/1) HC1 solution. Temperature, electrical conductivity, 
dissolved oxygen, pH and Eh were monitored in a flow cell during pumping and
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samples were collected after a minimum of three piezometer volumes had been 
purged and meter readings had stabilized. Samples were field filtered through 0.45 pm 
filter paper. High density polyethylene containers were thoroughly rinsed with 
respective filtered sample prior to collection. Samples for cation analysis were 
acidified in the field with concentrated A.R. grade nitric acid. Pore water and 
groundwater samples were stored in refrigerators maintained at ~10° C. Anion 
concentrations were measured with a Dionex DX4500i ion chromatograph using an 
AS14A column with NaHC0 3 /Na2C03  eluent and electrochemical detector in 
conductivity mode at The Australian National University (ANU) Department of Earth 
and Marine Sciences (DEMS). Cation concentrations were determined via ion 
chromatography and ICP atomic emission spectrometry at The Australian National 
University (ANU) Department of Earth and Marine Sciences and Australian Bureau 
o f Rural Sciences. Results from major/minor ion analyses for groundwater samples 
yielded charge imbalances of less than 3%. Stable isotope (§2H and 8180 )  analyses 
were carried out via isotope ratio mass spectrometry on a Finnigan MAT 252 MS at 
Monash University Data were normalised following Coplen (1988) and are expressed 
as per mil relative to Vienna-Standard Mean Ocean Water (V-SMOW).. Precision for 
5 H and 5 O is 1.0 and 0.2 %o respectively. Cl samples were prepared using a 
similar the method described by (Conrad et al., 1986) in clean labs at ANU 
Department of Nuclear Physics and Research School of Earth Sciences. 36C1/C1 was 
determined by accelerator mass spectrometry at ANU Department of Nuclear Physics 
(Fifield et al., 1987).
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3.3 Results
Geographical location of piezometers and water level elevations are reported in Table 
3.1. Major element concentrations and stable and radiogenic isotope data for 43 
groundwater and pore water samples are presented in Table 3.2. Grain sizes and 
moisture contents for unconsolidated sediments collected from diamond cores GDH03 
and GDH04 are also presented in Table 3.2.
Piezometer ID Easting (m) Northing (m) Casing Height (m l Elevation (m l (T O O  2001 SWL 1m) 2004 SW L fm) 2006 SWL fm )
GRB10 533250.89 6211652.34 N /A N /A 25.03 25.18 N /A
GAC14 538548.55 6212443.33 1.00 N /A 18.95 18.98 18.27
GDH03 1 538627.29 6216703.24 0.89 236.06 8.35 8.83 9.13
GDH03 2 538627.29 6216703.24 1.04 N /A 19.21 19.2 19.3
GDH03 3 538627.29 6216703.24 0.96 236.00 19.23 19.81 19.29
GAC18 2 541007.72 6219902.00 0.94 238.22 N /A N /A 27.19
GAC17 3 539695.12 6220000.69 0.95 230.18 17.69 17.62 17.63
G A C 1 6 2 537401.12 6220036.28 1.33 231.80 18.17 18.2 18.27
GAC22 534845.85 6224527.30 1.19 226.49 16.6 16.59 16.52
GRB14 533011.93 6229614.55 1.00 N /A N /A 13.95 N /A
GAC28 540276.38 6229677.49 0.95 220.45 9.95 9.07 9.33
GAC26 1 538078.88 6231715.04 0.92 219.77 8.79 N /A 9.26
GAC26 2 538078.88 6231715.04 1.05 219.89 8.93 9.15 9.4
GRB19 541147.62 6234673.61 1 N /A 9.77 10.52 N /A
GAC23 1 536019.55 6235120.20 0.97 222.85 12.59 12.65 12.71
G A 2 3 2 536019.55 6235120.20 0.95 222.83 12.58 12.62 12.69
TOC = top of piezometer casing 
N/A = non applicable or not measured
SWL “  standing water level in piezometer reported as depth below top of piezometer casing
Table 3.1: Piezometer locations, piezometer elevations and standing water levels measured in 2001, 2004 and 
2006.
3.3.1 Hydrogeology of Barmedman Creek Catchment
Groundwater levels in Barmedman Creek catchment were measured in 2001 by the
Bureau of Rural Sciences and in 2004 and 2006 as part of this study. Despite a
persistent drought over this period (~ 100 mm/yr less than long term average), the
groundwater levels measured in 2006 were only slightly lower (<0.8m) than 2001
suggesting a relatively stagnant aquifer system. Results from differential GPS
measurements of piezometer elevations and map coordinates, as well as groundwater
levels measured during sampling revealed a south to north hydraulic gradient of -0.35
37
m/km, consistent with the closed basin theory proposed by Anderson et al. (1993) and 
confirmed with 14C measurements of groundwater in the Bland Basin by Carrara, 
2005. Considering the hydraulic gradient and the BRS pump-test results with reported 
hydraulic conductivity values for the main alluvial aquifer of ~10"5 m/s (unpublished 
data courtesy BRS), the calculated groundwater linear flow velocity is approximately 
15 cm/yr. Hydraulic conductivity values reported for the Lachlan Formation 
Groundwater recharge to the deeper confined/semiconfined aquifers occurs via 
vertical infiltration of rainwater at outcropping areas and through the near surface (<5 
m) sandy-silt sediments in the southern portion of the study area (Chapter 5).
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3.3.2 Groundwater Geochemical Results
Groundwater Solutes
18000 
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Figure 3.4: Groundwater solute concentrations vs. geographical northing. Analytical error estimated from 
replicate analyses and reported as +/- 5 % of measured concentration.
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In general, all major ion concentrations in groundwater increase down the hydraulic 
gradient (Figure 3.4). Conservative ions CF and Br‘, as well as S O 4  Na and Ca 
exhibit the most systematic increases in concentration along the flow path (Figure 
3.4). Groundwater samples exhibit CF concentrations ranging from approximately 
5,400 to 16,500 mg/1, Br' concentrations from 22 to 58 mg/1, S O 4 2' from 500 to 4200
4.5E-03
4.0E-03
3.5E-03
3.0E-03
2.0E-03
S.5E-03
• :
•  Main Alluvial Aquifer Groundwater 
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6210000
N orthing (m)
6210000
N orth ing  (m)
Figure 3.5: Spatial variations in major ion concentrations relative to chloride for groundwater samples 
collected from the main alluvial aquifer and from within clay-rich saproiite units. Seawater ratios are 
plotted for reference, with the exception of K/Cl, which is an order of magnitude greater than in 
groundwater samples.
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mg/1, Na+ concentrations from 3050 to 8150 mg/1 and Ca2+ concentrations ranging 
from 123 to 1230 mg/1.
Br/Cl ratios and major element / chloride ratios exhibit distinct correlations to flow 
path position (Figure 3.5). Br/Cl and Na/Cl ratios decrease and SO4/CI and Ca/Cl 
ratios increase along the flow path. Mg/Cl ratios are relatively constant along the flow 
path and K/Cl ratios exhibit too much variability to discern trends. For the purposes of 
this paper only the elements that reflect trends along flow path (Cf, Br', S04 Na 
and Ca2+) will be discussed.
Stable Isotopes 2H and 100
210000 6215000 6220000 6225000 6230000 6235000 8240000
Northing (m)
Figure 3.6: 62H and 8lsO for groundwater samples collected from the main alluvial aquifer system and 
from clay-rich saprolite units. Local meteoric water line (LMWL) was established from 3 rainwater 
samples (triangle symbols) and global meteoric water line as reported by Clark and Fritz (1997).
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7 18The 5 H and 5 0  composition of water molecules in groundwater samples range 
from -33.50 to -26.92 and -4.70 to -3.98 %o respectively (Table 3.2). 82H distribution 
is variable; however, in general the data exhibit a decreasing trend along the flow path 
(Figure 3.6). 5 O composition of groundwater increases along the flow path.
Radiogenic isotope 56Cl
36C1/C1 ratios in groundwater samples range from 74xl0 '15 to 147xl0'15 and, in 
general, exhibit a decreasing trend along the south to north flow path (Figure 3.7).
t / :
Meteoric water in this area has a CT concentration of ~2 mg/1 and Cl/Cl ratio of 
approximately 380 x 10‘15 (Chapter 5).
120 -
6210000 6215000 6220000 6225000 6230000 6235000 6240000
Northing
Figure 3.7: Spatial variations in 36C1/C1 ratios for groundwater collected from the main alluvial aquifer 
(black) and fine grained saprolite units (gray).
3.3.3 Pore Water Geochemical Results
Pore Water Solutes
Pore water solute concentrations in GDH03 and GDH04 exhibit considerable vertical 
variability at both diamond core locations (Table 3.2). Conservative anions C f and
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Br', as well as S04 also exhibit large variations throughout the two vertical profiles 
(Figure 3.8). However, SO4/CI and Br/Cl ratios are constant (Figure 3.9) throughout
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Figure 3.8: Solute concentration depth profiles for pore water extracted from diamond core materials 
at locations GDH03 (proximal to recharge zone) and GDH04 (distal to recharge zone, Figure 3.3). 
Solute concentrations in groundwater sampled from nested piezometers at both diamond core locations 
are plotted in the middle of the slotted interval depths.
the profiles yet differ from regional groundwater. For the purposes of this paper, only 
the Cf, Br' and SO4 ’ concentrations are considered in detail. Other element 
concentrations are considered briefly to understand flow related geochemical 
reactions between groundwater and host geologic media.
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Pore water Cl", Br' and SO42' concentrations, and 36C1/C1 ratios, are unique to each 
diamond core location and results are presented separately below.
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Figure 3.9: Depth profiles for selected ion ratios and 36C1/C1 ratios for pore water extracted from 
diamond core materials at locations GDH03 and GDH04. Ion ratios and 36C1/C1 ratios for groundwater 
sampled from nested piezometers at both diamond core locations are depicted as solid circles.
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GDH03
Morphology and Lithology
This sampling location is situated on a present day alluvial fan, consisting of sandy 
alluvium sourced from granite (Gibson and Chan, 2000). This sampling location is 
located proximal to the suspected groundwater recharge zone in the southern portion 
of Barmedman Creek catchment. At this location, approximately 52 metres of 
sediments overlie saprolite derived from Silurian-Devonian clastic sediments 
(sandstone and siltstone). Vertical grainsize distribution is highly variable at this 
location (Figure 3.10). Groundwater was sampled from 3 nested piezometers, 
G D H 031, GDH03_2 and GDH03 3 with water levels at 7.94 m, 18.16 m, and 18.86 
m below the ground surface, respectively. The slotted interval at nest GDH03_1 is 
situated from 9-12 metres in a goethite mottled plastic grey clay unit with variable 
amounts of sand. The slotted intervals of GDH03_2 and GDH03 2 are both located 
within a coarse sand and gravel unit at 24-28 m and 28-32 m. The deepest piezometer 
(GDH03_3) partially extends from the coarse sand unit into a hematite mottled heavy 
grey clay unit at 30 m. This clay unit dominates the remainder of the profile to a depth 
of 50 m. A 3 metre goethite stained coarse sand unit is present at the base of the 
transported sediment sequence (49-52 m), which overlies a weathered siltstone and 
sandstone saprolite unit present to the bore termination depth of 59 metres.
Solute Profiles
Saturated zone pore water C f concentrations are highly variable, but exhibit a general 
increasing trend from ~ 5,000 mg/1 at 8.65 m to -12,500 mg/1 at 28 m, below which 
they fluctuate between -  8,000 and 11,000 mg/1 (Figure 3.8). CF concentrations of 
pore water is related to host sediment grain sizes (Figure 3.11). Coarse-grained
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GDH03 GDH04
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Figure 3.10: Grainsize distribution and piezometer locations for GDH03 and GDH04. Slotted interval 
depicted as dashed lines in lower portion of nested piezometers. Shaded portion of piezometers 
represents the water level measured at time of sampling (2004). Figure courtesy of Geoscience 
Australia.
materials (>65% sand) host pore waters with a wide range of Cl' concentrations 
(4330-12400 mg/1). Clay and silt dominant (>50%) sediments appear to correlate well 
with pore water Cl' > 6000 mg/1 concentrations where an increase in clay/silt 
proportion corresponds to an increase in C f concentration in pore water. Br' and SO4 ' 
concentrations are also highly variable throughout the depth profile with values 
ranging from 11.8 to 28.3 mg/1 and 892 to 2760 mg/1 respectively (Figure 3.8). Br/Cl 
and SO4/CI ratios are less variable, especially at depths greater than 20-30 m, than 
their respective element concentrations (Figure 3.9).
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36Cl/Cl profile
36C1/C1 ratios fluctuate between 76xl0‘15 and 116xl0"15 with the greatest values 
located in the shallow portion of the saturated zone profde (Figure 3.9). The 36C1/C1 
profde exhibits large variations over small depth intervals that appear unrelated to 
variations in sediment grain sizes (Figure 3.11).
Groundwater vs pore water
CF, Br', and SO4 ' concentrations in pore waters from diamond core GDH03 are 
greater, in general, than those measured in groundwater sampled from nested 
piezometers intersecting similar depth intervals (Figure 3.8). Pore water samples 
exhibit lower Br/Cl ratios and higher SO4/CI ratios than groundwater (Figure 3.9).
Cl/Cl ratios of pore waters are lower than that measured in groundwater from similar 
depth intervals (Figure 3.9).
GDHQ4 / GAC26 
Morphology and Lithology
This sampling location is situated on a present day low angle alluvial fan (Gibson and 
Chan, 2000). Approximately 72 metres o f sediments overlie saprolite derived from 
Late Ordovician clastic sediments and intermediate volcanics (andesite, tuff, breccia, 
sandstone and siltstone). Similar to diamond core GDH03, vertical grain size 
distribution is highly variable at this location (Figure 3.10) (Tan et al., 2002). 
Groundwater was sampled from two nested piezometers, GAC26_1 and GAC26 2, 
which were installed adjacent to the diamond core location. The slotted intervals for 
both nests are situated in a fine to coarse sandy unit with variable mottled clay content
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at 40-46 m (GAC26_1) and 60-66 m (GAC26_2). A coarse sand and gravel unit is 
present at the base of the transported sediment sequence (65-72 m), which overlies 
weathered interbedded sand and siltstone saprolite unit present to the bore termination 
depth of 80 m. Groundwater levels for GDH04_1 and GDH04_2 are at 8.34 metres 
and 8 . 1 0  m below the ground surface, respectively.
Solute Profile
Similar to location GDH03, solute concentrations in pore water sampled at GDH04 
are highly variable (Figure 3.8). Cf, Br' and SO42' concentrations range from 4980 to 
19700 mg/1, 14.3 to 44.5 mg/1, and 1480 to 4540 mg/1, respectively. Samples extracted 
from shallow saturated zone sediments (9.0 and 12.7 m) exhibit more than twice the 
Cl", Br' and SO42' concentrations of samples collected at between 15-30 m (Figure 
3.8). This interval is characterized by clay-rich sediments that are interpreted to be of 
lacustrine origin (Gibson et al., 2002). Below 30 m, CF, Br' and SC^2' concentrations 
are significantly greater than in the lacustrine sediments but exhibit considerable 
variability (Figure 3.8). In general, CF and SO42' concentrations are significantly 
greater than at GDH03 and CF concentrations correlate poorly to sediment grain sizes 
(Figure 3.11). However, Br' concentrations at both locations GDH03 and GDH04 
exhibit similar ranges in values. Br/Cl ratios are lower and SO4/CI ratios are higher at 
GDH04 relative to GDH03 (Figure 3.9).
36Cl/Cl Profile
36C1/C1 ratios fluctuate between 69x10 '15 and 9 l x l O 13 and exhibit a slight decreasing 
trend with increasing depth (Figure 3.9). 36C1/C1 ratios at GDH04 are lower and less
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variable than at GDH03. The variation in 30C1/C1 ratios correlate poorly to variations 
in sediment grainsizes (Figure 3.11).
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Figures 3.11: Pore water C1‘ concentrations and 36C1/C1 ratios as a function of sediment grain size for 
GDH03 (proximal to recharge zone) and GDH04 (distal to recharge zone).
Groundwater vs Pore water
CF, Br", and SO4 ’ concentration in groundwater sampled from two nested 
piezometers located adjacent to GDH04 are within the range of values measured in 
pore waters extracted from sediments collected at similar depth (Figure 3.8). Cl/Br, 
SO4/CI, and ~ Cl/Cl ratios of groundwater and pore water are also similar (Figure 3.9).
3.4 Discussion
All major element data from groundwater and pore water samples were used in order 
to understand the geochemical processes occurring along the south to north flow path. 
Based on unsaturated zone CF and Cl profiles, groundwater recharge is known to
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occur in the southern portion of the study location (GDH03) while a lack of recharge 
is apparent in the northern portion of the catchment (GDH04). This is inferred from 
bob-pulse 36C1 at over 4 metres depth at GDH03 and a 36C1 isotopic decay profile in 
the unsaturated zone at GDH04. Furthermore, one-dimensional piston-like flow along 
the hydraulic gradient (south to north) is assumed for interpreting ion mobility and 
solute distributions in this heterogeneous aquifer system. The groundwater samples 
have been categorized into two main hydrogeologic groups; the main alluvial aquifer 
group are those sampled from the transported middle sand unit described by Wilford 
et al. (2002), and the shallow (<30m) fine grained saprolite group for groundwater 
sampled from piezometers that intersect in-situ, highly weathered bedrock. Hydraulic 
heads of the saprolite unit are typically lower than in the main alluvial aquifer.
3.4.1 Ion Distribution in Groundwater
Shallow Saprolite Group
Groundwater samples, GRB10, GAC14 and GRB19 (Figure 3.3) were collected from 
piezometers intersecting shallow, fine-grained saprolite materials in the southern and 
northern portions of the study area. The two samples from the southern-most portion 
o f the study area (GRB10 and GAC14) exhibit greater solute concentrations than 
groundwater sampled further along the flow path in the main alluvial aquifer (Figure 
3.4). These samples also exhibit element ratios that differ from each other and from 
samples collected from the alluvial aquifer (Figure 3.5), which indicates a lack of 
connectivity between the two hydrogeologic units in the southern portion of the study 
area. The sample collected from the northern portion of the study (GRJB19) area 
exhibits similar TDS and element ratios to groundwater sampled in the vicinity from 
the alluvial aquifer (Figures 3.4 & 3.5). The major element data from this location
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suggests some degree of connectivity between the fine grained saprolite unit and the 
coarser grained alluvial aquifer.
Main Alluvial Aquifer
Cl concentrations and 36C1/C1 ratios in groundwater sampled from the main alluvial 
aquifer range from 5,400 to 16,500 mg/1 and 74xl0 '15 to 147xl0"15, respectively. This 
is in contrast to groundwater in the Bland Basin that has Cl ranging from 7 to 17,100 
mg/1 with the majority of the samples having Cl < 1,000 mg/1 (Carrara, 2005). 36C1/C1 
ratios range from 122 to 179 x 10-15 (Carrara et al., 2004).All major element 
concentrations increase along the inferred flow path (Figure 3.4), which suggests a 
subsurface source of solutes to the system. However, only conservative anions C f and 
Br', as well as S 042', Na+ and Ca2+ concentrations increase systematically along the 
flow path. C f and Br' are the most chemically conservative, and the only subsurface 
sources for these element are mixing between the different hydrogeologic units and 
evaporative mineral dissolution/precipitation.
Na/Cl molar ratios and Br/Cl mass ratios decrease slightly along the flow path (Figure 
3.5) suggesting either addition of C f or removal of Na+ and Br' from solution. If the 
increase in Cl' along the flow path were caused by halite dissolution, the Na/Cl molar 
ratio would increase towards a value of 1. Instead the ratio decreases with increasing 
Cl' (Figure 3.12), which suggests either an additional source for Cl' or a subsurface 
sink for Na+. Na/Ca mass ratios decrease with increasing Cl' (Figure 3.12), and Ca/Cl 
mass ratios increase along the flow path and with increasing salinity (Figure 3.4). 
Carrara (2005) also noted a decrease in Na/Ca ratios with increasing salinity and 
attributed this to cation exchange. Due to a preference for Na over Ca on the
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exchange sites of 2:1 clays as the ionic strength of a solution increases (Arad and 
Evans, 1987), these data trends indicate that ion exchange, rather than halite 
dissolution, is influencing the Na/Cl and Na/Ca ratios of groundwater. Cartwright et 
ah, 2007b discussed the relative importance of cation exchange in groundwater 
systems in the southeast Murray basin. The authors concluded that although cation 
exchange appeared to control 87Sr/86Sr ratios in groundwater, it had little affect on 
the major element chemistry. Based on Na/Cl and Cl/Br ratios of groundwater of the 
greater Bland basin, Carrara et al., 2005, concluded that halite dissolution was 
insignificant and the observed variations in Na/Cl ratios were the result of water-rock 
interations. Further water rock interactions are indicated from the H and O data 
(Figure 3.6). The enrichment in 180  along the flow path, as well as relative to 2H 
suggests potential silicate weathering along the flow path. Carrarar et al., 2005 noted
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Figure 3.12: Ion ratios relative to chloride concentrations for groundwater samples collected from the
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main alluvial aquifer and from fine grained saprolite units. Seawater dilution curves are depicted on 
plots for reference.
3.4.2 Groundwater Mixing
The decrease in Br/Cl mass ratio along the flow path (Figure 3.4), and decrease in 
ratio with increasing Cl" (Figure 3.12) suggest an additional subsurface source of CF, 
which is slowly being added to groundwater along the south to north flow path. 
SO4/CI ratios increase slightly along the flow path (Figure 3.5) and also increase with 
increasing CF (Figure 3.12). Similar to the previously discussed trends in Na/Cl ratios, 
the SO4/CI trends are also contrary to dissolution of CF bearing solutes. The most 
probable explanation appears to be mixing between less saline groundwater and a
• .  # o
more saline endmember water with a composition more enriched in CF and SO4 '. 
This is in contrast to the finding of Carrara (2005) for the groundwater systems in the 
Bland Basin where increases in salinity and constant Cl/Br and 3(,C1/C1 ratios were 
attributed to evapotranspiration.
The mixing endmember water responsible for the increasing salinity in the 
Barmedman Creek Aquifer is potentially residing within lower permeable units within 
the aquifer and surrounding aquitards. Similar occurrences were discussed by 
Domenico and Robbins (1985), who suggested that connate waters within sandstone 
units of the Milk River aquifer system in Canada were being displaced by meteoric 
recharge water. Based on numerical modelling, they estimated that
displacement/mixing processes needed to occur over timescales of several millions of 
years to achieve a steady state, uniform solute distribution. Within a portion of the 
Milk River aquifer system, Fabryka-Martin et al. (1991) also encountered subsurface
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sources of C f and attributed the physical heterogeneity of the aquifer materials to a 
greater displacement of connate waters in more permeable sandstone than from less 
permeable shale. The authors concluded that the heterogeneous solute distribution 
resulted in the diffusion of higher concentration waters from less permeable to more 
permeable portions of the aquifer. The observed changes in chemical composition 
along the flow path, as well as decrease in Cl/Cl ratios, in this study area supports 
the theory of “connate” pore waters slowly being displaced by, or mixed with 
younger, meteoric sourced water. The availability of vertical geochemical profiles 
from diamond cores GDH03 and GDH04 provide a means for assessing potential 
endmember compositions and subsequent modelling of the effects of incremental 
mixing on solute concentrations and 3°C1/C1 ratios in groundwater.
3.4.3 Subsurface Solute Sources:
GDHQ3
At borehole GDH03, located proximal to the recharge zone (Figure 3.3), pore water 
within the unconsolidated aquifer sediments contain significantly higher solute 
concentrations than groundwater sampled from piezometers at similar depth intervals 
(Figure 3.8). Pore waters from within the aquifer also exhibit lower Br/Cl ratios and 
greater SO4/CI ratios than groundwater and Ca/Cl and Na/Cl ratios of pore waters are 
similar to those in groundwater (Figure 3.9). 36C1/C1 ratios of pore water are 
significantly less than the ratios of groundwater (Figure 3.9). Sampling of 
groundwater may preferentially sample water from the higher porosity portions of the 
aquifer that may have lower salinity. Groundwater samples may be a mixture if all 
pore waters within the screened interval. Conversely, groundwater may flow through 
higher porosity sediments thereby not flushing solutes from lower permeability
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sediments therefore groundwater samples reflect the mobile fraction of water in the 
saturated zone. The difference in chemical composition between groundwater and 
pore water suggests that waters residing within the lower porosity sediments could 
reflect palaeo-hydrogeochemical conditions.
Similar Ca/Cl and Na/Cl ratios suggest similar geochemical processes have influenced 
both groundwater and pore water. Because Br/Cl ratios and SO4/CI ratios differ 
between groundwater and pore water ratios, it is unlikely that dissolution or 
precipitation of minerals such as halite or gypsum has produced the similar Na/Cl and 
Ca/Cl ratios. An alternative explanation is that similar cation exchange reactions have 
influenced both pore waters and groundwater, and the difference between Br/Cl and 
SO4/CI ratios of groundwater and pore water may reflect palaeo-climatic or paleao- 
hydrogeological conditions. Pore waters may also represent connate water deposited 
with sediments under dramatically different climatic conditions than present. This 
later possibility will be discussed with relation to 36C1 in a later section. However, this 
explanation is unlikely considering that saturated zone sediments are presumably 
much older than the maximum 36C1 dateable age (~1.5 mya,) and if the pore water 
were isolated at the time of deposition they would exhibit Cl/Cl ratios closer to 
secular equilibrium ratios (<12.5xl0'15) with sedimentary mineralogies (Bentley et al., 
1986a). Instead, pore waters exhibit much higher ratios (76-115xl0 '15) and probably 
reflect a mixture of ancient and more modem water.
GDHQ4
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At borehole GDH04, located distally to the recharge area (Figure 3.3), pore waters 
sampled from aquifer materials exhibit similar solute concentrations and major 
element ratios to groundwater (Figures 3.8 & 3.9). Cl/Cl ratios of pore water and 
groundwater are also similar (Figure 3.9). Other groundwater samples collected at the 
distal portion of the study area exhibit similar ion ratios and 36C/C1 ratios as pore 
water from this location (Figures 3.5 & 3.7). This suggests that, along the flow path 
from GDH03 to GDH04, groundwater has equilibrated with the pore waters, and that 
mixing between lower and higher permeability units is less significant in the distal 
portion of this flow system.
3.4.4 Solute Mobility and Mixing
In the Milk River aquifer system in Canada, Fabryka-Martin et al. (1991) described 
pore water groundwater mixing processes as a function of proximity to recharge areas. 
Near the recharge areas, they observed large concentration gradients between 
groundwater in sandstone and pore water within shale units. This resulted in diffusion 
from the shale into the more conductive sandstone portion of the aquifer. As diffusion 
continued, groundwater CF concentrations increased along the flow path and resulted 
in smaller concentration gradients between pore water and groundwater. This resulted 
in a decrease in diffusion in the distal portion of the aquifer system. Data from this 
study are consistent with their mixing model; particularly from the evidence of 
disequilibrium between aquifer pore water and groundwater at GDH03, and the 
increase in groundwater salinity along the flow path. The non-linear increase in CF 
along the flow path (Figure 3.4) suggests that as groundwater CF concentrations 
increase, mixing between pore water and groundwater decrease. Considering that 
halite dissolution does not appear to be a CF source to this aquifer system, and
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assuming Cl" concentration as a proxy for quantity of mixing, the rate of mixing can 
be estimated from the position along the flow path. The rapid increase in groundwater 
Cl" concentrations proximal to the recharge area suggests that mixing rates are greater 
in this portion of the study area than in the distal portion of the system. This further 
supports the theory that diffusive rather than advective transport of solutes from low 
permeability to higher permeability units is the dominant mixing process. 
Alternatively, the non-linear increase in Cl’ (Figure 3.4) could also be the result of a 
constant Cl’ flux from the lower permeability units into the aquifer. However, 
considering the complex nature of this aquifer system and the uncertainties associated 
with calculations of linear flow velocities and poorly constrained subsurface 
architecture, assuming constant advective transport rates from low permeability units 
in to the aquifer does not seem logical. Instead, a more simplified approach to 
understand the quantity of mixing at any given point along the flow path is employed 
based on Cl' as a function of northing.
Cl' as a proxy fo r  mixing
In general, the Cl" concentration in groundwater increases systematically along the 
flow path. However, three bores (GAC16, GAC17 and GAC18) located at similar 
geographical northings exhibit a large range in Cl’ concentrations (Figure 3.4). At this 
location there is a slight west-east hydraulic gradient. The Cl" concentration of 
groundwater from these bores is greatest in the west (GAC16) and the lowest in the 
east (GAC18). GAC18 is located on the slopes of sandy alluvium sourced from the 
adjacent Barmedman Granite hills (Figure 3.3). Based on the Cl" distribution in this 
area, it is possible that groundwater recharge is occurring in the vicinity of the granite
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outcroppings and associated sandy alluvium. As such, two different mixing models 
based on the location of the recharge zone will be considered.
Model boundaries
This 1st model is based on the assumption that no groundwater recharge occurs north 
o f borehole GDH03, and that only mixing is responsible for the increase in Cl" 
concentration along the flow path (Figure 3.13). The 2nd model assumes the same 
except starting from borehole GAC17 (Figure 3.13). These models will be referred to 
as Model 1 and Model 2 respectively. From the measured Cl" concentrations in 
groundwater, the amount of Cl" being added to the main alluvial aquifer system per 
metre o f flow along the south to north hydraulic gradient was calculated based on the 
slope of the best fit polynomial trend lines in Figure 3.13. If these functions represent 
the actual mixing fraction, changes in chemical composition along the flow path could 
be modelled if appropriate mixing endmember compositions can be determined. The 
starting endmember composition for Model 1 is assumed to be the composition of 
groundwater at location GDH03 and Model 2 assumes a starting endmember 
composition of groundwater sampled at GAC17. Selection of saline endmember 
compositions is discussed below.
Mixing endmember compositions
Similar Br/Cl and SO4/CI ratios are present in pore waters from both GDH03 and 
GDH04. If we assume these ratios represent endmember compositions then the effects
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Figure 3.13: Modelled trends for Cl, Br and S 04 concentrations in groundwater as a function of 
geographical northing. Mixing established from spatial distribution of Cl concentration in groundwater 
(Figure 3.4), and mixing endmember compositions established from pore water compositions at 
diamond cores GDH03 and GDH04 (Figures 3.8). Models assumes south to north, one dimensional 
south to north piston-like flow. Model 1 assumes no recharge is occurring beyond piezometer GDH03 
(Figure 3.3), and Model 2 assumes no recharge is occurring beyond piezometer GAC 17 (Figure 3.3).
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of mixing along the flow path can be predicted based on the slope of trend lines for 
Cl’ concentration vs geographical northing. Because trends in major cation 
concentrations indicate processes other than simple mixing, only trends for Cl', Br' 
and SO4 ' are considered in the models.
Modelled solute mixing trends
Figure 3.13 depicts the predicted trend lines for Br' and SO4 ' as a function of 
northing. The saline pore water endmember values were chosen from pore waters at 
GDH03 that exhibited higher Cl' concentrations than groundwater and that also 
exhibited similar Br/Cl ratios and SO4/CI ratios to pore waters at GDH04. Br/Cl mass 
ratio of 2.7x10" and SO4/CI mass ratio 0.25 were used as endmember compositions to 
calculate their respective increases in concentration along the flow path from the Cl’ 
verses northing trend line in Figure 3.13. Both the predicted trends in Br' and SO4 ’ 
concentrations relative to inferred flow path position agree relatively well with the 
observed data (Figure 3.14).
Figure 3.14 depicts the modelled trend for Br/Cl and SO4/CI ratios versus 
geographical northing and their ratios relative to Cl'. The modelled trends 
qualitatively describe the general trend in data, but fail to accurately quantify the 
observed changes in chemical composition of groundwater with respect to flow path 
position and Cl' concentration. The models better described the trends in Br/Cl ratios 
than trends in SO42' suggesting that either SO42' is not chemically conservative in this 
system or that inappropriate endmember compositions were chosen for the models.
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Figure 3.14: Modelled trends for ion ratios in groundwater as a function of northing and chloride 
concentration. Mixing established from spatial distribution of chloride concentration in groundwater 
(Figure 3.4), and mixing endmember compositions established from pore water compositions and ion 
ratios at diamond cores GDH03 and GDH04 (Figures 3.8 & 3.9). Models assumes south to north, one 
dimensional south to north piston-like flow. Model 1 assumes no recharge is occurring beyond 
piezometer GDH03 (Figure 3.3), and Model 2 assumes no recharge is occurring beyond piezometer 
GAC 17 (Figure 3.3).
Model 1 appears to best match the measured trends in groundwater samples. This 
suggests that mixing between groundwater and pore waters are the dominant process 
resulting in the observed increase in solutes along the flow path. Furthermore, the 
better correlation with Model 1 suggests that groundwater recharge is not occurring 
beyond borehole GDH03. The occurrence of low TDS water from borehole GAC 18 
contradicts this theory; however, the modelled and measured trends for Cl', Br', and 
SO4 ' concentrations and their respective ion ratios suggest this is not the case. One 
possible explanation is that the west to southwest flow may be preventing any 
significant mixing of the lower salinity water in the east, with the more saline 
groundwater to the west.
62
3.4.5 Implications of Mixing on 36C1/C1 Ratios in Groundwater:
Similar to the solute mixing models discussed above, the saturated zone 36C1/C1 
profiles allow for consideration of potential endmember ratios for modelling the 
effects of mixing on the measured Cl/Cl ratios in groundwater. At both GDH03 and
' Xf iGDH04, numerous pore water extracts from aquifer materials exhibit Cl/Cl ratios 
ranging from 70 xlO '15 to 80x1 O’15 (Figure 3.9). At GDH03 pore waters with similar 
36C1/C1 ratios to pore waters at GDH04 exhibit higher C f concentrations and lower 
36C1/C1 ratios than groundwater, and are chosen as endmember mixing values for 
entering into the numerical mixing models established above.
M odelled36Cl/Cl mixing trends
o  z:
Figure 3.15 depicts modelled Cl/Cl trends as a function of northing for the mixing of 
groundwater from GDH03 (Model 1) and GAC17 (Model 2) with saline endmember 
ratios of 70x l0 '15 and 80xl0 '15. As discussed above, the mixing proportion was 
established from the trend in CF vs. geographical northing. Figure 3.15 also depicts 
the modelled Cl/Cl trends as a function of CF concentration. With the exception of 
GRB14 and GAC28, all curves fall above the ratios measured in groundwater sampled 
from the distal portion of this study area. This suggests that either the parameters used 
in this model are inaccurate, or that isotopic decay accounts for the discrepancy 
between the modelled and measured trends. Considering the relative success of these 
models for interpreting solute distributions above, and a lack of evidence for 36C1/C1 
ratios lower than 70x1 O'15, the parameters used in this model appear to be the most 
accurate available for this study. As such, isotopic decay seems the most probable 
explanation for the discrepancy between modelled mixing trends and measured ratios
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in groundwater samples. Therefore, determining the actual flow ages of groundwater 
is only limited by which endmember ratios and which mixing models are chosen to 
quantify the effects of mixing on the measured 36C1/C1 ratios in groundwater.
Model validity
36Cl/Cl based groundwater ages can be calculated from the standard decay equation 
(Bentley et al., 1986a):
t = -1A ln(Rs/Rr) (1)
where 1A is fne mean life of 36C1 (434,251 years), Rs is the 36C1/C1 ratio of the 
groundwater sample and Rr is the initial 36C1/C1 ratio of groundwater recharge. For the 
purpose of this paper, Rr is considered the predicted 36C1/C1 ratio value of mixed 
groundwater at the equivalent geographic northing and Cl' concentration as the actual 
groundwater sample (Rs). The groundwater ratios in the distal portion of the study 
area exhibit ranges in 36C1/C1 ratios that are within the analytical error of the 
measurements. Assuming the sample collected from furthest along the hydraulic 
gradient (GAC23) is the oldest, the flow ages corrected for “age-mixing” range 
depending on the model parameters are as follows: For mixing from GDH03 with 
36C1/C1 endmember ratios of 70xl0 '15 and 80xl0 '15, the corrected ages are 58,000 and 
89,000 yrs respectively. For mixing from GAC17 with 36C1/C1 endmember ratios of 
70x10 '15 and 80x10‘15, the corrected ages are 119,000 and 136,000 yrs respectively.
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Figure 3.15: Modelled trends for 36C1/C1 ratios in groundwater as a function of northing and chloride 
concentration. Mixing rates established from spatial distribution of chloride concentration in 
groundwater (Figure 3.4), and mixing endmember ratios established from 36C1/C1 ratios in pore water at 
diamond cores GDH03 and GDH04 (Figures 3.9). Mixing endmembers ratios of 70xl0 '15 and 8 0 x l0 15 
are used in this model. Models assume south to north, one dimensional piston-like flow. Model 1 
assumes no recharge is occurring beyond piezometer GDH03 (Figure 3.3), and that mixing between 
pore water and groundwater is the only process influencing the decrease in 36C1/C1 ratios along the flow 
path. Model 2 assumes no recharge is occurring beyond piezometer GAC 17 (Figure 3.3) and, similar 
to Model 1, that mixing is the only process influencing the 36C1/C1 ratios along the flow path.
Modelled mixing and “aging” trends
From the corrected ages calculated above, the amount of isotopic decay occurring 
along the flow path can be incorporated into the numerical models (Figure 3.16).
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Models that assume mixing and isotopic decay from GAC17 (Model 2) to GAC23 
correlate less well with the measured data than for models that assume mixing and 
isotopic decay from GDH03 (Model 1) to GAC23. Relatively poor correlations were 
also obtained from the solute mixing trends calculated with this Model 2 (Figures 3.13 
& 3.14). The model which best describes the measured trend in groundwater data is 
one which assumes mixing of groundwater from borehole GDH03 to borehole 
GAC23 (model 1) with an endmember ratio of 70xl0~15. Reasonable correlations were 
also obtained from the solute mixing trends calculated with this model. This further 
supports that groundwater recharge is not occurring down gradient of borehole 
GDH03 and that mixing is the dominant process influencing Cf, B f, S O 4  " 
concentrations, as well as ~l6Cl/Cl ratios in groundwater.
Corrected flow  ages
Corrected flow ages for groundwater samples in the distal portion of the study area 
are calculated from the differences between modelled 36C1/C1 ratios of mixing Model 
1 and the actual ratios measured in groundwater samples. The corrected ages for 
samples collected from the distal portion of this study area are variable, but generally 
range from 50,000 to 75,000 yrs. Uncorrected flow ages for these samples, calculated 
from the differences in Cl/Cl ratios from groundwater in the proximal portion of the 
study area (GDH03) and groundwater in the distal portion of the study area (GAC23) 
range from 237,000 -  265,000 yrs. The corrected flow ages are in far better agreement 
with the piston flow age calculated from the southernmost (GDH03) to the 
northernmost bore hole (GAC23) of 65,000 yrs.
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Figure 3.16: Modelled mixing and decay trends for 36C1/C1 ratios in groundwater as a function of 
northing and chloride concentration. Mixing amounts established from spatial distribution of chloride 
concentration in groundwater (Figure 3.4), and mixing end member ratios established from 36C1/C1 
ratios in pore water at diamond cores GDH03 and GDH04 (Figures 3.9). The models incorporated 
isotopic decay into the numerical mixing models in Figure 3.15.
3.5 Conclusion
Barmedman Creek catchment is a low-lying alluvial basin that contains a 
heterogenous aquifer system hosting highly saline groundwater (Cl" > 16,000 mg/1). 
Solute concentrations in groundwater exhibit systematic increases along the inferred
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flow path. The sources for these solutes are low permeability portions of the aquifers 
and aquitards which host highly saline pore waters enriched in C f and S O 4  ' relative 
to groundwater in the aquifer. Spatial variations in C f concentration in groundwater 
function as a useful proxy for quantifying mixing between pore water and 
groundwater.
The availability of saturated zone pore water geochemical data has allowed for 
establishing geochemical endmember concentrations for inclusion into the Cl" based 
mixing models. Modelled mixing trends for the conservative anion Br", as well as for 
less conservative S O 4 2", correlated well with the measured trends in solute 
concentrations and element ratios. The model which best described the trend in 
measured data was one which assumed one-dimensional piston-like flow along a 
south to north hydraulic gradient. This model assumed no significant groundwater 
recharge occurring north of borehole GDH03 and that mixing with saturated zone 
pore waters was the dominant source of solutes to the system.
This model was also applied to help understand the effects of age mixing on the 
measured 36C1/C1 ratios in groundwater. Mixing endmembers were also selected from 
pre-existing pore water geochemical data and were incorporated into the Cl-based 
mixing models. The calculated mixing trends failed to describe the observed decrease 
in C/Cl ratios along the flow path. The discrepancy between modelled and measured 
trends is the result of isotopic decay. Incorporating isotopic decay into the mixing 
model produced trends that correlated well with the measured data. However, mixing 
was still the dominant process resulting in the observed decrease in ratios along the 
flow path.
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Uncorrected flow ages for these groundwaters range from 237,000 -  265,000 yrs. 
Corrected age calculations which account for the affects o f “age-mixing” along the 
flow path suggest a much younger range of 50,000 and 75,000 yrs. This range in flow 
ages for groundwater sampled at the distal end of the system agrees well with the 
hydrodynamic age of 65,000 yrs.
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4 GEOCHEMICAL EVOLUTION OF SALINE 
GROUNDWATER IN THE UNSATURATED ZONE
4.0 Introduction
Numerous hydrogeochemical studies throughout the world have recognized large 
discrepancies between chemical compositions of meteoric water, surface water and 
groundwater (i.e., Gibbs, 1970; Lundstrom and Olin, 1986; Herczeg et al., 1993; 
Davis et al., 1998b). However, less attention has been focused on understanding the 
geochemical processes and their implications on water resources, in particular 
groundwater salinity. Widely accepted conceptual models of the hydrologic cycle 
depict rainwater, derived from evaporation of seawater, as the atmospheric input to 
the continental fresh water cycle. Atmospheric precipitation generally has distinctive 
compositions that vary considerably from seawater due to incorporation of continental 
dust, biomass burning, anthropogenic pollution, and oxidation of organic matter 
(Blackburn and McLeod, 1983; Lundstrom and Olin, 1986; Chivas et al., 1991; Mano 
and Andreau, 1994; Sander et al., 2003). Groundwater and surface water are often 
sourced from meteoric water, yet can exhibit “marine” like chemical signatures that 
are regularly ascribed to hydrogeochemical processes such as evapotranspiration, 
mineral dissolution and precipitation, and cation exchange (i.e., Herczeg et al., 1993; 
Love et al., 2000; Herczeg et al., 2001; Davis et al., 2004; Cartwright et al., 2006). 
Commonly, these processes are assumed to occur during groundwater recharge in the 
unsaturated zone; however, very few groundwater studies have incorporated 
unsaturated zone solute dynamics into their interpretations of groundwater chemistry. 
Numerous studies have utilized Cl' concentrations of soil water in the unsaturated 
zone to estimate infiltration rates (i.e., Eriksson and Khunakasem, 1969; Allison and
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Hughes, 1978; Peck et al., 1981; Allison and Hughes, 1983; Scanlon, 1991; Wood, 
1999), the timeframes of solute accumulation (Allison et al., 1985; Cook et al., 1992; 
Zhu et al., 2003), and to determine flow characteristics (matrix and/or preferential 
flow) and the effects of evapotranspiration (i.e., Peck et al., 1981; Ullman, 1985; 
Johnston, 1987; Cartwright et al., 2006). However, due to the typically chemically 
conservative nature of the Cl" ion, reactions with sediments, plants and microbial 
biomass during groundwater recharge are often overlooked by hydrogeochemical 
studies that utilize only Cl" profiles to understand processes in the unsaturated zone. 
Interpretations of other solute distributions may help develop a greater understanding 
of all unsaturated zone geochemical and biogeochemical reactions.
The influences of both biotic and abiotic processes in near surface sedimentary 
environments have been well documented. For example, nutrient cycling can have a 
significant effect on K+,Ca2+,Mg2+,N03‘, and P O 4 3" distributions in near surface soils 
(i.e., Johnson, 1984; Foulds, 1993; Jobaggy and Jackson, 2001). In addition, processes 
such as organic adsorption and bioassimilation of solutes in rainwater during 
infiltration of near surface soils can significantly influence solute dynamics in the 
unsaturated zone (i.e., Gerritse and George, 1988; Mayer et al., 1995a; Mayer et al., 
2001; Novak et al., 2003; Giesler et al., 2005). The effects of these processes on the 
chemical composition of groundwater have been considered to a far lesser extent 
(Kreitler and Jones, 1975; Mayer et al., 1995b; Walvoord et al., 2003; White et al., 
2006). In addition to Cl", high resolution vertical profiles of all major elements in 
solution could provide valuable information towards understanding the physical and 
biogeochemical processes during groundwater recharge and contribute towards more 
quantitative interpretations of chemical compositions of regional groundwaters.
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Saturated zone geochemical processes were discussed in Chapter 3; however, large 
differences between rainwater chemistry and groundwater chemistry were not 
highlighted or discussed. The purpose of this study is to determine the influence of 
various geochemical and biogeochemical processes in the unsaturated zone and their 
relation to groundwater salinity. This study presents major element concentrations of 
soil pore waters from four unsaturated zone profiles. The influences of vegetation 
type, soil texture, and soil mineralogy are considered to help understand spatial and 
vertical variations in solute concentrations. Element/chloride ratios are utilized to 
understand the dominant geochemical and biogeochemical processes occurring during 
groundwater recharge through the unsaturated zone.
4.1 Regional Setting
The study focuses on Barmedman Creek catchment, which is located in the southwest 
portion of the Bland basin in central New South Wales, Australia (Figure 4.1). The 
Bland basin is a former tributary system of the Lachlan River and is located within the 
Murray-Darling Basin. During the Cenozoic, deposition of alluvial sediments from 
the Lachlan River Catchment prevented northward drainage from the Bland Basin and 
produced the present day closed basin morphology (Anderson et al., 1993). The 
majority of Barmedman creek catchment is characterized by low topographic relief 
(<0.7 m/km) which grades from south to north. The exception is an area of low relief 
granite outcroppings (<50 m) and associated alluvium in the south-eastern portion of 
the study area.
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4.1.1 Geology and Morphology
Bedrock geology within the basin consists of Cambro-Ordovician metasediments and 
granites, Ordovician intermediate volcanics and metasediments, and Silurian- 
Devonian clastic sediments (Warren et al., 1995). Cenozoic weathering resulted in the
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Figure 4.1: Location of study area within the Bland Basin, central New South Wales (NSW), 
Australia. Adapted from Forbes, NSW and Cootamundra, NSW 1:250 000 map sheets (courtesy 
Geoscience Australia).
formation of thick saprolite sequences (Wilford et al., 2002) followed by deposition of 
up to 80 metres of sediments (Gibson et al., 2002). Stratigraphic palynology of 
Lachlan River alluvium (~60 km northeast of the study area) suggests that regional 
sedimentation occurred during the Miocene and Pliocene with the most significant 
deposition of sediments occurring during the Pliocene (Martin, 1991). Wilford et al. 
(2002) identified lithofacies in the sedimentary sequence and related them to erosional
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and depositional processes. Basal sands and gravels were attributed to erosion of 
bedrock and deposition along palaeo-drainage lines. An overlying clay/silt unit was 
explained as alluvial and colluvial transport of highly weathered bedrock within the 
palaeo-valleys. A mid to upper sandy unit represents distally sourced sandy sediments 
deposited by fluvial systems. The uppermost clay and silt unit is believed to represent 
modem sheet flow alluvium/colluvium and potentially aeolian material (Gibson and 
Chan, 2000; Wilford et al., 2002). Groundwater recharge presumably occurs through 
this near surface unit in the southern portion of the study area where coarser grained 
colluvial material is sourced from the granite outcropping areas (Gibson and Chan, 
2000). A general south to north hydraulic gradient is present within this aquifer 
system (Chapter 3).
4.1.2 Climate
Historic rainfall records collected from the Barmedman Post Office were obtained 
from the Australian Bureau of Meteorology. Monthly rainfall (mm) data from 1887 
to 2006 indicate average annual rainfall of 480 mm/yr. Average summer and winter 
rainfall are 157 mm and 160 mm respectively. Average summer and winter 
maximum temperatures recorded over a 45 year period at West Wyalong are 31°C and 
16°C respectively. According to mean monthly pan evaporation rates collected at the 
Temora Agricultural Research Station (~ 40 km south of study area) evaporation 
exceeds rainfall except for the winter months of June and July.
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4.1.3 Sampling Locations
The four core locations discussed in this paper are from within the near surface 
alluvial/colluvial unit. The locations of cores GDH03, BGMR and BGSF were chosen 
because of their proximity to the presumed groundwater recharge zone and because 
they are located within uncultivated areas containing native vegetation (Figure 4.2). 
The presumably undisturbed near surface soils should provide information regarding 
the long-term geochemical processes that have influenced the chemical composition 
of groundwater recharge in the unsaturated zone. For comparison, borehole GDH04 is 
located in the distal portion of the study area (Figure 4.2) within an area historically 
cultivated with canola and wheat. At the time of sampling, the ground surface at all 
sampling locations was vegetated with low-lying grasses.
Sampling locations GDH03, BGMR and BGSF are situated on a present day 
alluvial/colluvial fan (Figure 4.2), consisting of sandy material sourced from granite 
(Gibson and Chan, 2000). GDH04 is situated on a very low angle, coalescing alluvial 
fan consisting of fine grained transported material (Gibson and Chan, 2000). Cores 
GDH03 and GDH04 extend into the saturated zone. Water depths measured in 
piezometers at these locations are at 7.45 and 7.9 metres, respectively; indicating an 
unsaturated zone depth greater than 7 m. The physical characteristics of sediments 
sampled at each location will be presented and discussed in greater detail in following 
sections.
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Figure 4.2: Sediment core locations locations within the Barmedman Creek subcatchment of the Bland 
Basin. Adapted from Cootamundra, NSW 1:250 000 map sheet (50 metre contour interval). Grids 
represent geographical easting and northing and depicted as 10,000 metre intervals.
Boreholes GDH03, BGMR and BGSF are located within mature stands (> 10 m 
height) of Casuarina cristata and Casuarina luehmanniana (common names Belah 
Oak and Bull Oak) in the vicinity of the Barmedman Granite outcroppings (Figure 
4.2) in the southern portion of the study area.
4.2 Methods
Regolith materials were sampled by the Australian Bureau of Rural Sciences (BRS) in 
2001 via diamond coring at two locations within the Barmedman Creek catchment, 
GDH03 and GDH04 (Figure 4.2), to depths of 59 and 80 m respectively. In 2005, 
regolith materials were sampled adjacent to the diamond core locations via push 
coring. Duplicate push cores were collected at these two locations; one for 
establishing high resolution solute profiles and the other for 36C1 measurements of soil
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pore water (Chapter 5). Two additional push cores (BGMR and BGSF) were 
completed in other locations within the study catchment. Soil pore water was 
extracted from saturated zone regolith materials with a uniaxial compression device at 
BRS laboratories in Canberra, ACT. Pore water samples were collected in sterile 10 
mL syringes then filtered through a 0.45pm filter into sterile viles. Groundwater was 
sampled from permanently installed piezometers in 2004 (Chapter 3: Figure 3.3). Five 
rainwater samples were collected from single rain events with a teflon funnel attached 
to a sterile polyethylene bottle. Rainwater collectors were positioned in forested areas, 
but away from tree canopies to avoid through fall contamination. In addition, sites 
were positioned more than 50 metres from the nearest sealed or unsealed road/track to 
limit contamination from road dust and other aerosols. Two rainwater samples were 
also collected from domestic rainwater tanks in the town of Barmedman. 
Groundwater and rainwater samples were filtered in the field through 0.45 pm filter 
paper. Rainwater and groundwater sampling containers were thoroughly rinsed with 
respective filtered sample prior to collection. Samples for cation analysis were 
acidified in the field with concentrated A.R. grade nitric acid (Chapter 3). Pore water 
and groundwater samples were stored at ~10° C. Cation concentrations were 
determined via ICP atomic emission spectrophotometry at the Australian National 
University (ANU) Department of Earth and Marine Sciences (DEMS) and Australian 
Bureau of Rural Sciences. Anion concentrations were measured with a Dionex 
DX4500i ion chromatograph using an AS14A column with NaHC0 3 /Na2C03  eluent 
and electrochemical detector in conductivity mode at The Australian National 
University (ANU) Department of Earth and Marine Sciences (DEMS). Anion data for 
groundwater and pore water samples were measured using a 50 pL sample loading 
loop on the ion chromatograph. Rainwater samples were measured using a 500 pL
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sample loading loop to lower detection limits. Reproducible results were obtained for 
concentrations >0.01 mg/1 except for PO43' which yielded reproducible results for 
concentrations >0.05 mg/1. Results from major/minor ions analyses for groundwater 
and pore water yielded charge imbalances of less than 3% of total charge. Laser grain 
size analyses were performed by Geoscience Australia, Canberra. Gravimetric 
moisture content was determined at ANU-DEMS by drying to constant weight at 
110°C and calculated as mass percent of water lost from total wet mass of soil.
4.3 Results
All results are reported in Appendix 1. Results from GDH03 and GDH04 are plotted 
as entire unsaturated zone profiles and also as shallow near surface depth profiles to 
allow for comparison with data collected from shallow (< 1.2m) cores BGMR and 
BGSF.
4.3.1 Sediment Grain Size and Moisture Content Profiles
Vertical distribution of grain sizes throughout the unsaturated zone (boreholes 
GDH03 and GDH04), is highly variable, and is generally characterized by a greater 
proportion of clay and silt sized sediments than sand (>50% clay + silt) (Figure 4.3). 
Grain sizes in two near surface (<1.2 m) cores (BGMR and BGSF) exhibit less 
variation with depth and a greater proportion of clay + silt than at cores GDH03 and 
GDH04. Location GDH03 exhibits a greater proportion of sand sized sediments in the 
near surface than at other core locations where near-surface grain size distributions 
are characterized by fine-grained materials (>75% clay + silt).
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Figure 4.3: Sediment grain size distribution in the unsaturated zone at 4 locations within Barmedman 
Creek catchment (Figure 4.2). Water table is present at 7.45 metres at GDH03 and at 7.9 metres at 
GDH04.
Moisture contents vary between locations (4.9 wt. %-29.3 wt. %), but in general, are 
greatest in the near surface and decrease over the upper 20 cm (Figure 4.4). The 
exception is GDH04, which exhibits low near surface moisture contents that increase 
with increasing depth over the upper 10 cm. Moisture contents correlate poorly with 
the abundance of fine grained materials (clay + silt); however, they correlate 
positively with clay content. However, the limited correlation between sediment grain 
size and moisture content indicates that factors other than grain size, such as 
evapotranspiration, are strongly influencing the moisture content.
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Figure 4.4: Gravimetric moisture content profiles from the four coring locations in Barmedman Creek 
catchment. Moisture contents calculated as ratio of mass water lost at 110° C to the wet mass of soil. 
Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
4.3.2 Pore Water Solute Profiles
Chloride and Bromide
Pore water Cl' and Br' concentrations increase with depth over the upper 1 metre at all 
four sampling locations (Figures 4.5 & 4.6). Values range from 8.9 mg/1 to 12,658.6
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Figure 4.5: Variations in pore water C1‘ concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
mg/1 for Cl" and from below detection (<0.01 mg/1) to 40.5 mg/1 for Br'. Rainwater 
exhibits Cf concentrations ranging from 0.35 mg/1 to 6.50 mg/1 and Br' concentrations 
ranging from below detection to 0.02 mg/1. Average global seawater exhibits C f and 
Br' concentrations of 19,000 mg/1 and 67 mg/1 (Hem, 1992). GDH03 and BGSF 
exhibit significantly lower C f and Br' concentrations than at GDH04 and BGMR, and
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exhibit comparatively smaller increases in concentration over the upper 40 cm. This 
suggests a greater degree of evapotranspiration is occurring at GDH04 and BGMR 
than at GDH03 and BGSF. At cores GDH04 and
GDH03 Br(mgl) GDH04 Br(mgl)
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Figure 4.6: Variations in pore water Br' concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
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BGMR, pore water Cl* and Br' concentrations approach concentration ranges (5491.5- 
16513.7 mg/1 Cl' and 21.8-55.5 Br") measured in regional groundwater (See Chapter 
3) within the upper 1 metre of the profile (Figures 4.5 & 4.6).
At the two complete unsaturated zone profiles (GDH03 and GDH04, see Figure 4.2) 
the increasing trends in near surface pore waters are interrupted by a zone of lower CF 
and Br' concentrations from approximately 2 to 5 metres depth. The composition of 
pore waters over this depth interval may reflect non-conservative behavior of Cl' and 
Br' (anion adsorption, vegetative uptake, mineral precipitation); preferential flow 
(vertical or horizontal) o f modem meteoric water to this depth interval; or variations 
in palaeo-climatic or palaeo-hydrogeologic conditions during pore water deposition. 
These scenarios will be addressed in greater detail within the discussion section.
Sulfate
Near surface pore water S O 4 2'  concentrations vary between each location, but similar 
to trends in Cl" and Br' concentrations, the S O 4 2' concentrations are greatest in cores 
GDH04 and BGMR (Figure 4.7). S O 4 2' concentrations range from 1.4 mg/1 to 2,820 
mg/1 for pore waters, from 951.7 mg/1 to 4,159.3 mg/1 for groundwater and from 0.3 
mg/1 to 2.2 mg/1 for rainwater. Average global seawater exhibits a S O 4 2'  concentration 
o f 2,700 mg/1 (Hem, 1992).
All cores generally exhibit an increase with increasing depth. The exceptions are 
within near surface (<50 cm) samples collected from cores GDH03 and BGMR, 
which exhibit a decreasing trend with increasing depth. This indicates a near surface
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sink for SO4 ' at these two locations, and demonstrates spatial variations in near 
surface geochemical or biogeochemical processes. Processes such as vegetative
GDH03 S04 (mgl) GDH04 S04 (ragl)
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Figure 4.7: Variations in pore water S042' concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04. 
Groundwater and rainwater samples are depicted as black boxes and black triangles, respectively, and 
concentrations (mg/1) are plotted at zero metres depth.
uptake, bioassimilation, and SO42" mineral precipitation/dissolution could potentially 
be occurring at these locations and will be considered in greater detail within the
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discussion section. With the exception of core GDH03, pore water SO4 ’ 
concentrations within the upper one metre of the profile approach the concentration 
ranges measured in regional groundwater.
Nitrate
Near surface pore water NO3" concentrations are similar at locations GDH03, GDH04 
and BGMR and are more than 2 orders of magnitude greater than those measured in 
regional groundwater and rainwater (Figure 4.8). Near surface pore water sampled 
from core BGSF has significantly lower NO3" concentrations than the other sampling 
locations, but are more than an order of magnitude greater than in groundwater and 
rainwater. NO3' concentrations range from 2.2 mg/1 to 3,036.0 for pore waters, from 
below detection to 13.45 mg/1 for groundwater and from 0.3 mg/1 to 4.58 mg/1 for 
rainwater. Average global seawater exhibits a NO3' concentration of 0.7 mg/1 (Hem, 
1992).
GDH03 and GDH04 exhibit decreasing trends with increasing depth, and approach 
concentrations similar to those measured in groundwater at the bottom of the 
unsaturated zone. At BGMR and BGSF, pore water NO3' concentrations decrease 
with depth at a more rapid rate than at GDH03 and GDH04, and approach values 
similar to groundwater within the upper 50 cm. However, at both locations the 
decreasing trends are followed by an increase in concentration with increasing depth.
The data from all profiles indicate a near surface enrichment in NO3' followed by a 
subsurface sink for this ion. The variations in total near surface enrichment and 
variations in profiles trends between the sampling locations demonstrate spatial
2_
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variations in near surface biogeochemical processes that may be related to the 
physical properties of near surface sediments or to vegetation type.
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Figure 4.8: Variations in pore water N 0 3' concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04. 
Groundwater and rainwater samples are depicted as black boxes and black triangles, respectively, and 
concentrations (mg/1) are plotted at zero metres depth.
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Figure 4.9: Variations in pore water P 0 43" concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
Phosphate
Concentrations of P O 4  ' are highly variable with depth and vary between locations
, ' l
(Figure 4.9). P O 4  ’ concentrations range from below detection to 14.8 mg/1 for pore 
waters, from below detection to 10.65 mg/1 for groundwater and below detection for 
rainwater. Average global seawater exhibits a P O 4 3' concentration of 0.09 mg/1 (Hem, 
1992). Concentrations increase with increasing depth at locations GDH04 and 
BGMR, but exhibit highly variable depth trends at GDH03 and BGSF. In most cases, 
P O 4  "concentrations are less than 1 mg/1.
Sodium
87
Pore water Na concentrations increase with depth over the upper 1 metre at all four 
sampling locations (Figure 4.10). Na concentrations range from 5.0 mg/1 to 5,800 
mg/1 for pore waters, from 3049 mg/1 to 8,200 mg/1 for groundwater and from 0.4
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Figure 4.10: Variations in pore water Na concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04. 
Groundwater and rainwater samples are depicted as black boxes and black triangles, respectively, and 
concentrations (mg/1) are plotted at zero metres depth.
88
mg/1 to 2.7 mg/1 for rainwater. Average global seawater exhibits a Na concentration of 
10,500 mg/1 (Hem, 1992).
GDH03 pore waters exhibit significantly lower Na concentrations than at other 
sampling locations, and exhibit comparatively smaller increases in concentration over 
the upper 40 cm, which suggests less evapotranspiration occurring at this location. At 
cores GDH04, BGMR and BGSF, pore water Na concentrations approach 
concentration ranges measured in regional groundwater within the upper 1 metre of 
the profile (Figure 10). The progressive increase in Na with depth at each location 
suggests similar geochemical processes are influencing the concentrations of Na ions 
in pore water.
Potassium
K concentrations in pore water sampled in the upper 5 cm are similar between 
locations GDH03, GDH04 and BGMR (Figure 4.11). K concentrations range from 1.3 
mg/1 to 116.3 mg/1 for pore water, from 3.7 mg/1 to 72.4 mg/1 for groundwater and 
from 0.05 mg/1 to 0.74 mg/1 for rainwater. Average global seawater exhibits a K 
concentration of 390 mg/1 (Hem, 1992).
Pore water K concentrations are greater than those measured in regional groundwater 
and are approximately two orders of magnitude greater than rainwater. Within the 
upper 50 cm, concentrations decrease by more than an order of magnitude. This is in 
contrast with Na trends, which increase with increasing depth (Figure 4.10), 
suggesting that different geochemical processes are influencing the two monovalent
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Figure 4.11: Variations in pore water K concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04. 
Groundwater and rainwater samples are depicted as black boxes and black triangles, respectively, and 
concentrations (mg/1) are plotted at zero metres depth.
cations. Similar trends are also observed for NO3' concentrations in near surface 
samples (Figure 8). K and NO3' concentrations in near surface (< 10 cm) pore waters 
from core BGSF have slightly lower concentrations than the other sampling locations.
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The K concentrations in near surface pore waters at BGSF are similar to groundwater 
concentrations and NCV concentrations are more than an order of magnitude greater 
than in groundwater. Both N O 3 ' and K concentrations in the near surface are more 
than an order of magnitude greater than in rainwater and exhibit decreasing trends 
with increasing depth. Below the near surface, GDH03 and GDH04 exhibit variable 
trends with increasing depth, and samples collected from the bottom of the 
unsaturated zone exhibit K concentrations nearly an order of magnitude less than in 
the near surface. The samples at the base of the unsaturated zone approach 
concentrations similar to those measured in groundwater. At BGMR and BGSF, K 
concentrations decrease with depth to approximately 40 cm, followed by an increase 
with increasing depth for the remainder of the profiles. A similar trend was observed 
for N03 concentrations at these locations. The data from the upper 40 cm of all 
profiles indicate a near surface enrichment in K and N O 3 ' underlain by a zone of 
steady depletion. K and N O 3 ' are limiting nutrients to plants (Jobaggy and Jackson, 
2001) and the profiles of these elements suggest that vegetation is influencing their 
mobility within the unsaturated zone.
Calcium
Ca concentrations of pore water sampled in the upper 10 cm are similar between 
locations GDH03, and GDH04 and have slightly lower concentrations at BGMR 
(Figure 4.12). Ca concentrations range from 4.9 mg/1 to 1517.1 mg/1 for pore water, 
from 118.6 mg/1 to 1439.8 mg/1 for groundwater and from 0.03 mg/1 to 1.30 mg/1 for 
rainwater. Average global seawater exhibits a Ca concentration of 410 mg/1 (Hem, 
1992).
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The concentrations are similar to those measured in regional groundwater and are 
more than two orders of magnitude greater than rainwater. Ca concentrations in near 
surface (< 10 cm) pore waters from core BGSF are significantly lower than at other 
sampling locations and are less than regional groundwater. At all locations, Ca
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Figure 4.12: Variations in pore water Ca concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04. 
Groundwater and rainwater samples are depicted as black boxes and black triangles, respectively, and 
concentrations (mg/1) are plotted at zero metres depth.
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concentrations of the near surface samples decrease significantly with depth to values 
appreciably less than in regional groundwater. However, the decreasing trend only 
occurs within the upper 40 cm. The largest decrease occurs at locations GDH03 and 
BGMR, and occurs over the upper 40 cm. Below this depth, the Ca concentrations 
increase with increasing depth. Locations GDH04 and BGSF exhibit relatively small 
decreases in Ca concentrations that occur over the upper 10 cm. Below this depth, 
they increase with increasing depth at BGSF, but remain relatively constant at 
GDH04. Throughout the remainder of the unsaturated zone, GDH03 and GDH04 
exhibit variable trends with increasing depth.
Samples collected from the base of the unsaturated zone at GDH03 exhibit Ca 
concentrations less than regional groundwater, while GDH04 exhibits Ca 
concentrations similar to regional groundwater. Groundwater Ca concentrations 
exhibit a large range in concentrations. This suggests that geochemical processes 
occurring in the unsaturated zone significantly alter the Ca concentrations of meteoric 
input, but are not the dominant processes controlling the geochemical evolution of 
regional groundwater. Saturated zone geochemical processes may be responsible for 
the observed discrepancy between pore waters at the base of the unsaturated zone and 
regional groundwater.
Magnesium
Mg concentrations of pore water sampled in the upper 10 cm vary considerably 
between each location (Figure 4.13). Mg concentrations range from 4.0 mg/1 to 
1845.6 mg/1 for pore water, from 411.9 mg/1 to 1847.4 mg/1 for groundwater and from
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0.04 mg/1 to 0.7 mg/1 for rainwater. Average global seawater exhibits a Mg 
concentration of 1350 mg/1 (Hem, 1992).
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Figure 4.13: Variations in pore water Mg concentrations with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04. 
Groundwater and rainwater samples are depicted as black boxes and black triangles, respectively, and 
concentrations (mg/1) are plotted at zero metres depth.
Pore water Mg concentrations are less than in regional groundwater and are more than 
two orders of magnitude greater than rainwater. Mg concentrations in near surface (<
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10 cm) pore waters from core BGSF have significantly lower concentrations than the 
other sampling locations. At all locations, Mg concentrations of the near surface 
samples decrease with depth to values appreciably less than in regional groundwater. 
However, the decreasing trend only occurs within the upper 40 cm. The largest 
decrease occurs at locations GDH03 and BGMR, and occurs over the upper 40 cm. 
Below this depth, the Mg concentrations increase with increasing depth to values 
similar to regional groundwater. Similar depth trends are observed for Ca suggesting 
similar geochemical processes are influencing the two divalent cations. Locations 
GDH04 and BGSF exhibit relatively small decreases in Mg concentrations that occur 
over the upper 10 cm. Below this depth, Mg concentrations increase with increasing 
depth to values similar to regional groundwater. Throughout the remainder of the 
unsaturated zone, GDH03 and GDH04 exhibit variable trends with increasing depth, 
and samples collected from the base of the unsaturated zone exhibit Mg 
concentrations similar to regional groundwater. This suggests that geochemical 
processes occurring in the unsaturated zone are the dominant processes controlling the 
geochemical evolution of regional groundwater.
4.4 Discussion
The complete unsaturated zone solute profiles available for cores GDH03 and GDH04 
reveal large fluctuations in composition occurring within the upper metre of the 
profiles. Only minor variations in solute concentrations are observed over the 
remainder of the unsaturated zone (~8 m depth). At all four locations, solute 
concentrations in the upper 1 metre trend towards concentration ranges measured in 
regional groundwater. The data suggest that near surface processes are largely 
responsible for the geochemical evolution of groundwater in this study area.
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4.4.1 Cl and Br Dynamics:
Conservative vs Nonconservative Anion Behaviour
Cl" and Br' are chemically conservative ions in natural waters and are often used as 
inorganic tracers in hydrogeochemical field studies (i.e., Ullman, 1985; Desaulniers et 
ah, 1986; Fabryka-Martin et ah, 1991; Herczeg et ah, 1991). Relatively few sources 
and sinks for these elements allow them to be utilized for estimating the effects of 
evapotranspiration (i.e. Peck et ah, 1981; Ullman, 1985; Johnston, 1987; Cartwright et 
ah, 2006), vertical infiltration rates (i.e., Eriksson and Khunakasem, 1969; Allison and 
Hughes, 1978; Peck et ah, 1981; Allison and Hughes, 1983; Scanlon, 1991; Wood, 
1999), and timeframes of solute accumulation in the unsaturated zone (i.e., Allison et 
ah, 1985; Cook et ah, 1992; Zhu et ah, 2003). However, bacterial and vegetative 
uptake (Shorter et ah, 1995; Milton et ah, 2003), organic adsorption (Gerritse and 
George, 1988), and mineral dissolution (Ullman, 1995; Davis et ah, 1998b; Davis et 
ah, 2001; Davis et ah, 2004) can function as sources and sinks for these elements and 
compromise their use as chemically conservative tracers in hydrogeochemical field 
studies.
In this study, progressive increases in both C f and Br' concentrations with increasing 
depth suggest a high degree of evapotranspiration occurring in the upper 1 m of the 
unsaturated zone. However, if evapotranspiration were the only process influencing 
Br' and C f dynamics, both ions would accumulate at equivalent rates. Data from 
within the upper 0.5 metres reveal large fluctuations in Br/Cl ratios, below which the 
ratios remain relatively constant and are within the range of regional groundwater and 
seawater (Figure 4.14). Near surface (<5 cm) pore waters pore waters exhibit
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significantly lower Br/Cl ratios than in meteoric water and groundwater (Figure 14). 
Furthermore, Br/Cl ratios increase over the upper 50 cm indicating a greater rate of 
accumulation of B f than Cl\
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Figure 4.14: Variations in pore water Br/Cl (mass) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
Halite dissolution
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Halite contains only trace amounts of bromine, and exhibits Br/Cl ratios ranging from 
approximately lx l0 ‘5 to lxlO'4 (Ullman, 1995). A typical seawater Br/Cl ratio is 
approximately 3.5x10° (Hem, 1992). Studies in North America have reported Br/Cl 
ratios ranging from 6x1 O'3 to 2x1 O'2 for rainwater, from 3.5x1 O'3 to 2.3x10‘2 for fresh 
groundwater (Cl<10mg/1), and 1x10-4 to lx l0 ‘3 for water affected by halite 
dissolution (Davis et al., 1998b; Davis et al., 2004). Five rainwater samples collected 
from this study area exhibit Br/Cl ratios ranging from 2.9x10’ to 1.9x10' with an 
average value of l.lxlO"2. Rainwater composition can vary dramatically between 
seasons, between rainfall events, and also vary with time in a single rain event 
(Warburton, 1982; Seymour and Stout, 1983; Lehmann et al., 2005). Large variations 
in Br/Cl ratios in rainwater have been well documented (Davis et al., 1998a; Sander et 
al., 2003) and has been attributed to plant emission and biomass burning (Mano and 
Andreau, 1994; Gan et al., 1998) sea salt aerosols (Guelle et al., 2001; Sander et al., 
2003) agricultural fertilizers and pollution (Reeves and Penkett, 1993). The variations 
in rainwater Br/Cl ratios within Barmedman Creek catchment appear to reflect the 
variable trends observed in other studies throughout the world. Variations in Br/Cl 
ratios did not correlate with rainfall intensity, duration of rain events, season or wind 
directions. At this time the variations cannot be explained.
Two rainwater samples were collected from domestic rainwater tanks. These water 
samples are the product of multiple rain events, and the chemical composition of these 
samples are thus representative of average local meteoric water. Therefore, if 
rainwater has reacted with halite minerals during vertical infiltration o f near surface 
sediments, the soil pore water should exhibit Br/Cl ratios that are significantly lower 
than measured in samples collected from the domestic rainwater tanks, and display a
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progressive decrease in ratios with increasing Cl" concentration. Near surface pore 
waters do exhibit Br/Cl ratios that are significantly lower than meteoric water (Figure 
4.14). Dissolution of halite could possibly explain these low near surface values. 
Na/Cl molar ratios trend towards 1 with increasing depth at three of the four locations, 
which further supports the possibility of halite dissolution (Figure 4.15). However,
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Figure 4.15: Variations in pore water Na/Cl (molar) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
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because Na concentrations can be affected by cation-exchange reactions, particularly 
with increasing ionic strength (Arad and Evans, 1987), Br/Cl ratios are probably a 
more reliable indicator of halite dissolution. Ion exchange could explain the variations 
in Na/Cl ratios and will be discussed in a later section.
In order to understand if the observed Cf, Br' and Br/Cl values are a result of 
evapotranspiration and/or halite dissolution/precipitation, a numerical model was 
constructed. The model is similar to Love et al. (2000) who modelled Br and O ' 
trends for dissolution of halite to understand C f sources for groundwater in the Great 
Artesian Basin in South Australia. Their models and the ones presented below 
incorporate varying degrees of evapotranspiration of meteoric water and depict Br/Cl 
ratios and C f concentration trends from progressive halite dissolution.
Figure 4.16 depicts predicted trends for halite dissolution and data trends for CF 
concentrations and Br/Cl ratios. Only data from pore waters sampled from the upper 1 
m exhibit large variations in Br/Cl ratios, which suggest non-conservative behavior of 
C f and/or Br'. Therefore only these values were compared with modelled halite 
dissolution trends. The model assumes meteoric input of CF containing 2 mg/1 CF and 
Br/Cl ratio of 7x1 O’3, and depicts trends for rainwater dissolving halite during 
infiltration of the upper 1 metre of the unsaturated zone. Numerical models depict 
increases in CF concentrations and decreases in Br/Cl ratios resulting from dissolution 
of halite only. 1 mg increments of CF are added from initial concentration 2 mg/1 to 
final concentration of 20,000 mg/1 (greater than highest pore water CF 
concentrations). Furthermore, predicted trends are depicted for evapotranspiration of 
rainwater to 50 mg/1 and 500 mg/1, followed by dissolution of halite during
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infiltration. This range in Cl" concentrations is similar to those used by Love et al. 
(2000) and are within the range of pore waters from the upper 20 cm in Barmedman 
Creek catchment, where variation in Br/Cl ratios occur.
Comparisons of modelled trends to measured Cl' and Br" concentrations in soil pore 
water suggest that processes other than halite dissolution are occurring in the near 
surface of the unsaturated zone. This is supported by Na/Cl molar ratios greater than 
or less than 1 in near surface pore waters (Figure 4.15); a value expected if halite 
dissolution were a significant process influencing Na and Cl" concentrations. 
Furthermore, the discrepancy between the modelled trends and measured trends 
suggest that the near surface depletions in Br/Cl relative to meteoric input are due to 
removal of Br from solution rather than addition of Cl.
GDH04
BGMR BGSF
la, = so
Figure 4.16: Br/Cl (mass) ratios and Cl concentrations for pore waters within the upper 1 m at 
locations GDH03, GDH04, BGMR and BGSF. Curves depict modelled trends for rainwater dissolving 
halite during infiltration of the upper 1 metre of the unsaturated zone. Different curves simulate 
evapotranspiration of rainwater to 50 and 500 mg/1 Cl prior to dissolution of halite.
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Non conservative bromide dynamics
Seaman et al. (1996) experimentally demonstrated the anion sorption capacity of 
highly weathered iron oxide coated sediments. The experiments consisted of eluting 
columns of predominantly sandy materials with a range of Br' solutions under 
different pH conditions and found the degree of Br' retardation correlated well with 
iron oxide content of sediments. In these experiments, Br' retention correlated poorly 
with the pH of solutions; therefore, the authors concluded anion sorption capacity of 
sediments was not a pH dependent reaction. Although the pH of pore waters were not 
measured in this study, the sediment samples appeared to be coated with Fe 
oxyhydroxides and therefore adsorption of Br' onto the grain surfaces could possibly 
explain the low Br/Cl ratios in near surface sediments.
An additional sink for Br' could be due to cycling of bromine through soil organic 
mater and uptake by plants. Gerritse and George (1988) attributed low Br/Cl ratios 
relative to meteoric input in near surface soil water to biogeochemical processes and 
the preferential uptake of Br' by vegetation. The authors experimentally demonstrated 
the sorption capacity of organic materials in sediments containing relatively low (2-7 
%) organic carbon. The experiments consisted of leaching a soil columns packed with 
sandy near surface soils, followed by 30 days incubation and subsequent final 
leaching. The authors noted nearly 3 orders of magnitude increase in the Br/Cl ratios
T 1
(3x10" to 1x10' ) in the leachate that was attributed to decomposition and dissolution 
of organic material containing elevated Br' relative to Cl'. These processes were 
related to field studies where discrepancies between Br/Cl ratios in near surface soil 
water and groundwater relative to meteoric input were attributed to adsorption of Br' 
onto organic materials and vegetative uptake (produced low dissolved Br/Cl ratios)
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and oxidation of organic material (produced high dissolved Br/Cl ratios). Near surface 
sediments (<10 cm) from this study appear to be organic-rich and the low Br/Cl ratios 
in soil water extracted from this zone may be due to organic adsorption of Br\ This 
theory is more likely than Br' sorption onto iron oxyhydroxides because the depletion 
in Br/Cl only occurs in the organic-rich near surface horizon. This organic zone is 
underlain by highly ferruginous materials and the depletion in Br/Cl ratios should 
extend to greater depth if sorption of Br onto sediment surfaces were occurring.
An explanation for the increasing Br/Cl depth trend from depleted near surface values 
to values closer to meteoric input, is that near surface pore waters have significantly 
lower Br' concentrations than samples at greater depth. In the near surface, a small 
loss of Br from solution would have a larger impact on the Br/Cl ratio than would 
occur for deeper pore waters exposed to a greater degree of evapotranspiration. As the 
Br' concentration increases, the effects of minor removal of Br' from solution become 
less evident. However, if vertical piston flow conditions are occurring in the 
unsaturated zone at these locations, the preferential removal of Br' and decrease in 
Br/Cl ratios in the upper 10 cm should be preserved within the water as it slowly 
infiltrates and is subjected to greater degrees of evapotranspiration. The discrepancy 
between near surface Br/Cl ratios and those measured in deeper (>10cm) samples 
could be the result of preferential flow through the near surface organic rich horizon 
and subsequent lack of Br' adsorption. Plants rely on only minor amounts of Cl' for 
growth (Ozanne, 1958), however considering the high background levels of Cl' at all 
four locations, vegetative uptake of Cl' would have no measurable impact on the 
Br/Cl ratios. Oxidation of near surface organic materials is an alternative explanation 
for the increasing Br/Cl trend in the upper 10 cm (Gerritse and George, 1988). At
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three of the four profiles in this study, moisture content decreases rapidly over the 
upper 10 cm indicating a greater degree of water removal below the surface, 
presumably due to uptake of water by roots (Figure 4.4). Over this interval the Br/Cl 
ratios increase suggesting that during evapotranspiration, organic material is oxidized 
and releases Br into solution causing the observed increase in Br/Cl ratios in the upper 
10 cm.
Based on the available data from this study, Br' appears to be exhibiting non­
conservative behaviour in the near surface of the unsaturated zone. Following 
atmospheric deposition, Br' is subjected to biogeochemical processes during vertical 
infiltration, particularly within the organic horizon. Cf appears to behave more 
conservatively than Br', and is therefore the more suitable geochemical tracer for this 
system. The following discussion sections assume Cf is sourced from the atmosphere 
and is behaving conservatively in the near surface.
Spatial variation in evapotranspiration
Pore waters sampled at 1 cm depth exhibit large variations in Cf concentrations 
between the four locations (Figure 4.5) indicating spatial variations in 
evapotranspiration. The highest degree evapotranspiration, as indicated by Cf 
concentrations of pore waters in the upper 10 cm, occurs at location GDH04 followed 
by BGMR>GDH03>BGSF. Rainfall evaporation factors, expressed as the ratio of Cf 
concentration of pore water at 1 cm to the Cf concentration of rainwater, indicate 
evaporation factors ranging from 4.4 at BGSF to 220 at GDH04. The greatest 
proportion of fine grained sediments (%clay + silt) in the upper 10 cm occurs at 
location BGMR followed by BGSF>GDH04>GDH03 (Figure 4.3). However, fined
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grained materials are dominated by silt sized fractions at all locations. The proportion 
of clay in the upper 10 cm, although generally less than 20%, is greatest at location 
GDH04 followed by BGMR>GDH03>BGSF. Although near sediments at each 
location are dominated by clay and silt sized fractions, the proportion of clay appears 
to control the degree of evapotranspiration.
Comparisons of C f concentrations at ~ 75 cm indicate total evapotranspiration over 
the upper 1 m was greatest at GDH04 followed by BGMR>BGSF>GDH03. However 
the greatest overall enrichment in Cf, determined by the ratio of C f concentrations at 
the base of the profile to C f concentrations at 1 cm, occurred at location BGSF 
followed by BGMR>GDH03>GHH04. Location BGSF had the lowest near surface 
(<10 cm) C f concentrations yet greatest enrichment, while GDH04 exhibited the 
highest near surface Cl" concentrations and lowest total enrichment over the upper 1 
metre. This indicates variation in evapotranspiration with depth between the sampling 
locations. Greater near surface solute enrichments suggest a greater degree of 
evaporation while subsurface enrichments imply greater degrees of transpiration. At 
BGSF the greatest enrichment in Cl" occurred below 10 cm while at GDH04 it 
occurred within the near surface. The greater near surface enrichment at GDH04 and 
lack o f subsurface enrichment suggests that evaporation is more significant than 
transpiration at GDH04. The opposite occurs at the cores located proximal to the 
recharge area (GDH03, BGMR and BGSF), indicating transpiration as a significant 
process responsible for concentrating solutes during groundwater recharge. This 
theory is supported by 52H trends in regional groundwater, which display relatively 
constant § H values with increasing C f (Figure 4.17). Similar isotope trends were 
observed by Zimmerman et al. (1967), Arad and Evans (1987), Turner et al. (1987),
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Turner et al. (1991) and Love et al. (1993) and were attributed to ion exclusion and 
lack of isotopic fractionation during uptake of water by plant roots.
Infiltration flow regimes
Atmospheric deposition of C1‘ appears to be the only source for Cl' in this study, and 
evapotranspiration is responsible for the observed increase with increasing depth. At 
all near surface (>1 m) profiles the Cl' concentration increases monotonically with 
depth. Johnston (1987) related the vertical distribution of Cl' to subsurface hydrology 
and described the monotonically increasing profiles as the result of piston like flow in 
well drained soils. Allison et al. (1985) described the shape o f these profiles as a result 
of progressive transpiration of infiltrating water under piston flow through the
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Figure 4.17: 52H%o values as a function of Cf concentration for all groundwater samples collected 
from permanently installed piezometers in Barmedman Creek catchment.
root zone. Under these conditions, the maximum C f concentration is reached within 
the root zone, beneath which the chloride concentration is constant with increasing 
depth. The conditions responsible for monotonically increasing profiles contrast to 
those that produce bulge type profiles (Johnston et al., 1980), which are the result of
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bimodal flow regimes in the unsaturated zone (Allison et al., 1985). Under these 
conditions water infiltrates under piston-like flow conditions and is subjected to a 
high degree of evapotranspiration in the root zone. Lower C f concentrations located 
beneath the root zone have been attributed to bypass flow along preferential flow 
paths (Peck et al., 1981; Allison et al., 1985).
All near surface (< 1 m) profiles from this study display progressive increases in Cl" 
concentration with increasing depth (Figure 4.5), suggesting piston-like flow 
conditions. The depth interval over which the increase occurs has been attributed to 
the vertical extent of the root zone (Phillips, 1994; Tyler and Walker, 1994). GDH03 
is located within a stand of mature Casuarinas whereas GDH04 is located in an area 
cultivated with canola and wheat. The differences in vegetation and root depth are 
reflected in the Cl profiles. At GDH03 the Cl" concentration increases with increasing 
depth to 2.5 metres while GDH04 Cl'concentrations increase to 50 cm.
Below the root zone, GDH03 exhibits a zone of lower Cl’ concentrations from 3 to 4.8 
metres indicating preferential flow through the root zone (Figure 4.5). At GDH04, the 
Cl" concentration increases only to 50 cm, below which the Cl" concentration is 
reasonably constant. This suggests a much shallower root zone at GDH04 and a lack 
of preferential flow.
At cores BGSF and BGMR the Cl" concentration increases with increasing depth to 
the base of the profiles (0.77 and 1.15 metres), which indicates piston-like flow over 
these depth intervals. Both locations are within stands of mature Casuarinas. At these 
locations the rate of Cfaccumulation decreases with increasing depth indicating a lack
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of evapotranspiration at the base of each profile. This indicates that despite the 
shallow coring depths at these locations, the profiles have penetrated most of the root 
zone.
Chloride Mass Balance: Infiltration rates
Numerous studies have used C f concentrations in the unsaturated zone and in shallow 
unconfined groundwater as the means for quantifying vertical recharge rates (Eriksson 
and Khunakasem, 1969; Allison and Hughes, 1978; Peck et al., 1981; Allison and 
Hughes, 1983; Scanlon, 1991; Wood, 1999). In the absence of preferential flow and 
significant surface runoff, the following equation can be used to estimate vertical 
recharge rates from average annual precipitation, Cl" concentration in precipitation 
and unsaturated zone soil pore water Cl" concentrations (Wood, 1999):
q = (P)(Clp)/Clu (1)
where q is the vertical recharge flux (L T 1), P is average annual precipitation (L T 1), 
Clp (ML" ) is the Cl concentration in precipitation and Cluz (ML" ) is the C f 
concentration of unsaturated zone pore water. Applying eqn. (1) to average C f 
concentrations beneath the root zone at GDH03 (>2.5 m) and GDH04 (>0.5 m) yields 
vertical recharge rates of 2.6 x 10"4 and 1.2x1 O'4 m/yr. However, because the presence 
of lower Cl" concentrations at 3-4.8 m at GDH03, the vertical recharge rate calculated 
from eqn. (1) is likely an underestimate due to the evidence for vertical preferential 
flow at this location. To understand vertical infiltrations rates in the upper 1 metre, 
eqn (1) was applied to Cl" concentrations at similar depth intervals (70-75 cm) at the 
four locations. The calculated vertical rates (m/yr) ordered from greatest to least are:
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GDH03 (0.7 m) = 9 .5x l0 '\ BGSF (0.73 m) = 3.5 x KT4, BGMR (0.74 m) = 1.8 x 10'4, 
GDH04 0 (0.74 m) = 9.6 x 10'5. CMB based infiltration rates calculated from 
rainwater and groundwater Cl concentrations for the Bland Basin (0.2 and 5 mm/yr) 
are consistent with the CMB rates calculate here (Carrara 2005). The calculated 
values indicate an order of magnitude difference in vertical infiltration rates between 
the 4 locations and suggest a lack of groundwater recharge in the distal portions of the 
catchment area. This is consistent with the groundwater hydrogeochemistry results 
discussed in Chapter 3.
4.4.2 Biogeochemical Processes and Nutrient Cycling
The influences biogeochemical processes have on solute distributions in the near 
surface of the unsaturated zone have been well documented throughout the world. 
Bioassimilation of inorganic carbon, nitrogen, sulphur and phosphorus in rainwater 
during infiltration can act as a significant sinks for these elements (McGill and Cole, 
1981; Johnson, 1984; Boring et al., 1988; Mayer et ah, 1995a; Mayer et ah, 1995b; 
Mayer et ah, 2001; Novak et ah, 2003; Walvoord et ah, 2003). The influences of 
nutrient cycling by plants can also play an important role in unsaturated zone solute 
dynamics (Foulds, 1993; Jobaggy and Jackson, 2001; White et ah, 2006). However, 
far less attention has been focused on the effects of biogeochemical processes and 
nutrient cycling on the chemical composition of regional groundwater. Kreitler and 
Jones (1975) and Walvoord et ah (2003) discussed the importance of these processes 
with regard to nitrogen while Mayer et ah (1995b) suggested the need for 
consideration of soil microbial processes for interpretation of groundwater stable 
isotopic ratios of sulphur and oxygen. The influences of nutrient cycling on the cation 
composition of groundwater were briefly discussed by White et ah (2006).
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The results from this study suggest that biotic processes and nutrient cycling in the 
near surface of the unsaturated play a significant role in the geochemical evolution of 
major ion concentrations in regional groundwater.
Biotic vs abiotic sulphate retention
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Figure 4.18: Variations in pore water S04/C1 (mass) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
110
The three solute profiles from within the proximal portion of the study area (GDH03, 
BGMR and BGSF) exhibit near surface decreases in S O 4 /C I  ratios with increasing 
depth (Figure 4.18). At locations GDH03 and BGMR, the S O 4 2' concentrations 
decrease by an order of magnitude within the upper 50 cm. These trends indicate an 
active S O 4 2’ sink within the near surface of the recharge zone. Ca concentrations also 
decrease over the upper 50 cm (Figure 4.12), suggesting that gypsum precipitation is 
occurring in the near surface. However, pore waters are significantly undersaturated 
with respect to gypsum (and anhydrite) indicating processes other than S O 4 2' mineral 
precipitation are responsible for the decreasing S O 4 /C I  ratios. Biological assimilation 
o f sulphate to carbon bounded sulphur or ester-bound sulphate have been found to be 
a significant near surface sinks for atmospherically derived S O 4 2' (Johnson, 1984; 
Mayer et al., 1995a; Giesler et al., 2005). Preferential retention of S O 4  relative to CF 
was demonstrated experimentally by Yaalon (1965) and was attributed to interactions 
with the soil materials. Mayer et al. (2001) conducted field experiments which 
irrigated various soil types with applied S O 4  tracers and found that more than 80 % of 
applied S O 4  " was retained within the soil matter. The total S O 4  ’ retention was found 
to increase with increasing sesquioxides content of soils and the authors concluded 
that adsorption onto mineral surfaces was the dominant sink for inorganic sulphate. 
Nutrient cycling has also been shown to be an important process for S 042' 
distributions and mobility in soils (Johnson, 1984; Jobaggy and Jackson, 2001).
Within this study area, XRF results from previous studies (unpublished data, courtesy 
Geoscience Australia and Australian Bureau of Rural Sciences) indicate high relative 
abundances of A I2O 3 (<22 wt. %) and F e 20 3  (<20 wt. %) within sediments sampled
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from various depth intervals at several locations. All sediments sampled by this study 
exhibited red to brown, highly oxidized appearance, and ferruginous precipitates were 
visibly identified at various depths at each location suggesting that adsorption onto 
sesquioxide mineral surfaces is a probable explanation for the observed near surface 
SO4 ' depletion. However, these minerals are ubiquitous throughout this study area 
(Gibson et al., 2002; Tan et al., 2002) and degree of adsorption would presumably be
GDH03 Ca/S04 (rmoLI) GDH04 Ga/S04 (mmol/1)
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Figure 4.19: Variations in pore water Ca/S04 (molar) ratios with depth at locations GDH03, GDH04,
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BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
independent of depth, and occur throughout the entire study area rather than within 
only the organic rich near surface horizon at three of the four locations. This suggests 
that other processes, such as bioassimilation of sulfur or sulphate reduction are 
responsible for the observed S 0 42' trends. However, in the absence of pH 
measurements of pore water samples, and more comprehensive assessment of host 
sediment mineralogy, the possibility of abiotic retention of S 0 42' on mineral surfaces 
cannot be discounted.
Nutrient cycling
The influences of nutrient cycling on solute distributions in the unsaturated zone were 
discussed in detail by Jobaggy and Jackson (2001). The authors described near surface 
solute distributions as dominated by two main processes, leaching and nutrient 
cycling. Leaching was described to result in a downward solute flux, and in 
combination with evapotranspiration, produces solute profiles that increase in 
concentration with increasing depth. Nutrient cycling results in a net upward solute 
flux and produces decreasing solute concentrations with increasing depth. The authors 
attributed the characteristic near surface enrichment as the result of nutrient uptake by 
plants and subsequent redistribution to the soil surface by litter fall and through fall. 
Elements such as Cl, Mg and Na have been found to be less limiting nutrients to plant 
growth compared to N, P, K and Ca (Zinke, 1962; Foulds, 1993; Schlesinger et al., 
1996; Schlesinger and Pilmanis, 1998). Jobaggy and Jackson (2001) noted global 
distributions trends of growth limiting nutrients that were characterized by enrichment 
relative to non-limiting elements in the topsoil. Furthermore, they noticed in well 
leached soils, limiting nutrients (N,P,K,Ca) were retained within the profile while
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Figure 4.20: Variations in pore water N 03/C1 (mass) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04. 
non-limiting elements (Cl, Br, Na, Mg) were removed from the root zone. Solute
distributions at the four sampling locations suggest that nutrient cycling is a
significant process in the near surface of the unsaturated zone. The effects of this
process on the observed profile trends and effects on groundwater composition are
discussed below.
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Limiting Nutrient Trends
Within the upper 5 to 10 cm at all locations, pore waters are enriched in NO3', K, Ca 
and Mg relative to C1‘ compared to meteoric input (Figures 4.20-4.23). The greatest 
relative enrichment occurs with Ca followed by NO3’ > K > Mg. When comparing 
nutrient concentrations in native plants to underlying soil, Foulds (1993) found that 
the Casuarinaceae family favoured the uptake of Ca>N> K> Mg>P, the same relative 
order of significance observed in near surface pore waters from this study. Location 
GDH04 is within an area cultivated with canola and wheat, and soil pore water 
sampled from the upper 10 cm exhibits slightly lower NO3/CI, K/Cl, Ca/Cl and Mg/Cl 
ratios than the sampling locations from within Casuarina stands. However, the relative 
enrichment is similar to the other locations within native Casuarina stands. The lack 
of relative enrichment at GDH04 can be explained by annual harvesting, which would 
remove the nutrients stored within plants rather than returning them to the surface. 
The similarities in relative element enrichment between the two vegetation types 
suggest that similar nutrient requirements exist between the species, or that pore 
waters at GDH04 reflect nutrient cycling trends established prior to clearing of native 
vegetation. Considering the findings of Foulds (1993), the near surface enrichment in 
specific elements reflects the net accumulation of limiting nutrients by the native 
Casuarina trees present at three of the four locations. The vegetation retains limiting 
nutrients within the root zone by scavenging the necessary elements from soil 
solutions and redistributing them to the soil surface by litter fall (Schlesinger et ah, 
1996; Schlesinger and Pilmanis, 1998; Jobaggy and Jackson, 2001). Non-limiting 
nutrients such as Na, Cl and Br are leached from the root zone which results in 
increasing concentrations with increasing depth. Limiting nutrients display near 
surface enrichments relative to Cf, and decrease relative to C f throughout the root
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zone (Jobaggy and Jackson, 2001; Walvoord et al., 2003). The depths to which the 
nutrient decreases occur are related to the depth intervals over which Cl' 
concentrations increase at each location. This confirms that the peak in Cl" 
concentrations correspond to the maximum depth of the root zone (Allison et al., 
1985; Phillips, 1994; Tyler and Walker, 1994) and that transpiration is responsible for
GDH03 K/Cl GDH04 K/Cl (n^I)
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Figure 4.21: Variations in pore water K/Cl (mass) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
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the observed increase in Cl' concentrations. Water and nutrient uptake by vegetation 
appears to be as significant control on solute dynamics in the unsaturated zone. These 
processes are also reflected in cation/chloride ratios and stable isotopic compositions 
of groundwater indicating that vegetation is a dominant control on the relative solute 
proportions in groundwater.
Up-take of solutes in rainwater by the vegetation acts as a significant solute sink in the 
unsaturated zone. Comparing Cl concentrations of rainwater (~ 2mg/L) to average Cl 
concentrations of groundwater in the recharge zone (i.e. G D H 031, 2, 3, GAC16, 
GAC17, GAC18) provide an estimate of the total evapotranspiration that has occurred 
during recharge. Average Cl concentrations of groundwater in the recharge zone is ~ 
8,000 mg/L indicating an enrichment factor of ~ 4,000. In other words, assuming no 
other sources for Cl other than evapotranspiration, to produce the Cl concentrations 
measured in groundwater would require 4,000 times evapotranspiration of rainwater. 
Multiplying solute concentrations of rainwater by a factor 4,000 results in salinity 
values two times greater than were measured in groundwater in the recharge zone. 
This indicates that the vegetation removes up to half the solutes deposited in 
landscapes by rainwater.
117
GDH03 Ca/CI (mgl) GDH04 Gi/Cl (rn l^)
0.100 1.1
GDH03 a /C l  (n^l)
[0 0.100 1.000 1(
BGMR Ca/CI (mgl) 
10 0.100 1.000 1
0.100 1.10.001 0.1
GDH04 G»/C1 (mgfl)
>10 0.100 1.000 1
BGSF Gi/Cl (m^l) 
0.10 1.00 1C
Figure 4.22: Variations in pore water Ca/CI (mass) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
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Figure 4.23: Variations in pore water Mg/Cl (mass) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
4.4.3 Water-sediment interactions
Mineral weathering and cation exchange reactions have been recognized as solute 
sources and sinks in hydrogeochemical studios from other semi-arid areas of Australia 
(i.e., Arad and Evans, 1987; Herczeg et al., 1991; Herczeg et ah, 1993; Love et al.,
119
1993; Salama et al., 1999; Cartwright et al., 2004). As discussed above, 
biogeochemical processes and nutrient cycling can explain the observed cation/Cl 
trends; however, an alternative explanation is that mineral weathering or cation 
exchange reactions are also contributing to the chemical composition of pore water 
samples. In general, the cation/chloride ratios decrease over the upper 50 cm to values 
similar to those measured in regional groundwater (Figures 4.21-4.23). 
Evapotranspiration alone would have no affect on the cation/chloride ratios therefore 
the variations suggest that in addition to biogeochemical reactions, water-sediment 
reactions may also be influencing the chemical composition of recharge water in the 
unsaturated zone. The observed decreases in cation/chloride ratios indicate that 
silicate mineral weathering is not a significant process in the unsaturated zone. As 
discussed above, halite and gypsum dissolution/precipitation are unlikely influencing 
the observed Na/Cl or Ca/Cl ratios. An alternative explanation to the observed trends 
is cation exchange. Arad and Evans (1987) demonstrated that Ca is preferentially 
exchanged for Na+ in clay minerals interacting with lower salinity waters. In addition, 
they noted a change in preference for Na+ over Ca2+ that occurred at Na+ 
concentrations greater than 30 meq/L. If large quantities of fresh rainwater were to 
infiltrate the clay-rich near-surface materials, the fresh water would transport solutes 
in solution and potentially leach those adsorbed to mineral surfaces. Prior to recharge 
events, the pore waters within the near surface would be subjected to high degrees of 
evapotranspiration and the subsequent increases in solute concentrations. Based on the 
findings of Arad and Evans (1987) and theory of displacement chromatography, the 
greater selectivity of Na+ at higher ionic strength would result in the preferential 
exchange of Na in solution for Ca on the exchange sites of 2:1 clays. During a large 
recharge event, the displacement of saline pore water by rainwater would result in
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exchange of Ca2+ for Na+ due to the greater affinity for Ca2+on the exchange sites at 
lower salinity (Appelo and Postma, 1993) and explain the near-surface (<1 m) trends 
in Na/Cl and Ca/Cl ratios in Barmedman Creek Catchment.
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Figure 4.24: Variations in pore water Na/Ca (mass) ratios with depth at locations GDH03, GDH04, 
BGMR and BGSF. Water table is present at 7.45 metres at GDH03 and at 7.9 metres at GDH04.
Near surface (<5 cm) pore water samples exhibit Na/Ca ratios that are significantly 
less than rainwater and groundwater (Figure 4.24). At the three locations in the
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proximal portion of the study area (GDH03, BGMR, BGSF), The Na/Ca ratio 
increases with depth through the upper 50 cm, below which it decreases slightly with 
increasing depth. Location GDH04 also exhibits increasing Na/Ca ratios over the 
upper 50 cm; however, the ratios continue to increase slightly throughout the 
remainder of the profile. At locations BGMR and BGSF, the depth at which the 
abrupt change in slope of Na/Ca vs. depth coincides with a change in the amount of 
increase in Na with depth (Figure 4.10). Ca/Cl ratios continue to decrease over this 
interval; however, Ca appears to be an important limiting nutrient to plants and 
variations in composition cannot be attributed solely to cation exchange. The change 
in slope of Na vs. depth occurs at Na concentrations of approximately 30 meq/L. This 
coincides with the Na concentrations reported by Arad and Evans (1987) for which 
2:1 clays preferentially exchange interlayer Ca for Na in solution. XRD results from 
previous studies (unpublished data courtesy Geoscience Australia) on sediments 
within the Barmedman Creek catchment highlighted the presence of 2:1 clays such as 
smectite and illite in the unsaturated zone. This suggests that cation exchange is 
influencing the composition of soil pore water within the near surface of the 
unsaturated zone. The Na/Ca ratios within the upper 1 m trend towards regional 
groundwater suggesting that cation exchange during groundwater recharge is 
contributing to the geochemical evolution of groundwater. However, the near surface 
pore water samples that exhibit depletions in Na/Ca ratios relative to meteoric water 
exhibit high Ca/Cl ratios (Figure 4.22). Furthermore, the depth intervals over which 
the Na/Ca ratios increase correspond to decreasing Ca/Cl ratios. Because Ca2+ is the 
dominant limiting nutrient for the vegetation in this area, nutrient cycling is likely 
dominating the observed trends in Ca/Cl and Na/Ca ratios. Na concentrations of pore 
waters appear the more effective tool for assessing cation exchange. The effects of
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nutrient cycling on the chemical composition of groundwater recharge appear more 
dominant than cation exchange within the unsaturated zone and may have a more 
widespread influence on the chemical composition of groundwater than previously 
considered by traditional hydrogeochemical studies.
4.5 Summary and Conclusion
Trends in chemical composition of pore waters within the unsaturated zone indicate 
the major geochemical evolution of groundwater composition occurs during recharge. 
The high resolution soil pore water profiles demonstrate rapid changes in composition 
that trend towards groundwater having a seawater-like composition within the upper 1 
m of the unsaturated zone Processes such as evapotranspiration, nutrient cycling, 
biogeochemical reactions with organic materials and microbial biomass, and cation 
exchange can account for the large discrepancies between the chemical compositions 
of meteoric water and groundwater.
Evapotranspiration
C f is sourced from the atmosphere and concentrated within the root zone by 
evapotranspiration. No evidence of Cl" mineral dissolution was apparent in any of the 
four profiles. In the proximal portion of the study area a greater proportion of native 
vegetation remains, and transpiration is the dominant salt concentrating mechanism. 
This is reflected by the peak in CT concentrations occurring at greater depths in the 
proximal portion of the study, which is the result of water extraction and subsequent 
ion exclusion by deeper rooted plants. The “bulge type” CT profile at GDH03, 
suggests that preferential flow is occurring at this location. In the distal portion of the 
study location, in an area cultivated with canola and wheat, the Cl" concentrations
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reach a maximum within the upper 50 cm, followed by relatively constant C1‘ 
concentrations throughout the remainder of the unsaturated zone. At this location, a 
greater proportion of clay sized sediments are present within the near surface. The C f 
profile and grain size distribution indicate a high degree of evaporation occurring in 
the near surface and lack of preferential flow to greater depths. 2H and 180  results of 
regional groundwater samples indicate transpiration rather than evaporation as the 
dominant salt concentrating mechanism. The lack of evaporative signatures in 2H and 
O of regional groundwater and consistent Cl concentrations below a depth of 50 cm 
at location GDH04 suggest that groundwater recharge is not occurring through the 
clay rich sediments within this portion of the study area.
Biogeochemical processes
Near surface (< 1 m) pore waters exhibit trends in Br' and S O 4 2' that reflect 
biogeochemical processes. Large fluctuations in Br/Cl ratios in the near surface pore 
water suggest non-conservative behaviour of this ion. Low ratios relative to meteoric 
water are present within the organic rich horizons at all locations. Br/Cl ratios 
increase over the upper 10 cm to values similar to regional groundwater, but are 
considerably less than meteoric water. Data indicate that dissolution of C f bearing 
solutes (i.e. halite) during vertical infiltration is unlikely. The low Br/Cl ratios are 
more likely the result of removal of Br' from solution. Evidence for Br' removal is 
only present within the organic rich near surface horizons. Biogeochemical processes 
such as adsorption of Br' onto organic materials or uptake by plants are the best 
possible explanations for the low Br/Cl ratios. Pore waters are significantly 
undersaturated with respect to halite and C f is not a limiting nutrient to plants 
therefore removal of C f from solution is not responsible for the increasing Br/Cl
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trends. The increasing ratios correspond to decreasing moisture content and increasing 
Cl' concentrations suggesting that evapotranspiration results in oxidation of organic 
materials and subsequent desorption of Br\
Several profiles indicate a SO42’ sink in the near surface of the unsaturated zone. All 
waters are undersaturated with respect to gypsum therefore SO4 ' is removed from 
solution by processes other than mineral precipitation. SO4 " distribution in the 
unsaturated zone is known to be influenced by biogeochemical processes (i.e., 
Johnson, 1984; Mayer et al., 1995a; Mayer et al., 1995b; Giesler et al., 2005). SO4/CI 
ratios fluctuate within the upper 50 and are considerably less than meteoric water. 
Below 50 cm, the ratios trend towards values similar to regional groundwater. This 
suggests that near surface biogeochemical processes are influencing the SO4 ' 
composition of groundwater recharge and can account for the differences between 
SO4/CI ratios in meteoric water relative to groundwater.
Nutrient Cycling and Cation Exchange
Large variations in element/Cl ratios occur within the upper 50 cm and trend towards 
groundwater ratios within the upper one metre at all four locations. Profiles are 
characterized by elevated near surface ratios that decrease significantly with depth 
over the upper 50 cm. The greatest near surface enrichment and subsequent depletion 
with depth occurs for Ca>N> K> Mg>P04. The order of significance corresponds to 
growth limiting nutrients for Casuarinaceae family plants (Foulds, 1993) that are 
found throughout the study area. Soil pore waters in an area cultivated with canola 
and wheat also reflect nutrient cycling by Casuarinaceae family plants. This suggests 
that the clearing of native vegetation in the late 1800’s has had little impact on the ion
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ratios within the unsaturated zone, and that vertical infiltration of modem meteoric 
water is insignificant at this location. Long term nutrient cycling by native vegetation 
appears to be a significant control on the chemical composition of groundwater.
Evidence of cation exchange is present at all locations, indicated by variations in 
Na/Cl and Ca/Cl ratios. However, because Ca2+ is a predominant limiting nutrient to 
most plant species (i.e. Foulds, 1993; Jobaggy and Jackson, 2001), the Na/Cl ratios 
appear to be the best tool for assessing the effects of cation exchange. Differentiating 
between cation exchange and nutrient uptake can only be approximated because 
neither process can be accurately quantified with the available data. However, the 
effects of cation exchange appear to be minimum compared to nutrient cycling. 
Variations in Na/Ca appear to be the result of nutrient cycling rather than cation 
exchange. However, Na/Cl ratios do decrease over the upper 50 cm at three of the 
four locations suggesting that progressive evapotranspiration leads to preferential 
sorption of Na on the interlayer sites of 2:1 clays. The variations in Na/Cl ratios 
correlate poorly to clay content of sediments indicating either large variations in 
mineralogy or that processes other than cation exchange are responsible for the 
variations. At all locations Na/Cl ratios vary by less than an order of magnitude, 
compared to Ca/Cl ratios which vary by more than 2 orders of magnitude. As such, 
nutrient cycling appears to be the dominant process controlling cation dynamics 
within the unsaturated zone and can explain the discrepancy between the 
cation/chloride ratios of rainwater and groundwater.
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5 UNSATURATED ZONE CE, BT AND 36C1 DYNAMICS
5.0 Introduction
Within Australia, clearing of native vegetation and subsequent alterations to the 
hydrogeologic budget has resulted in enhanced mobilization of unsaturated zone 
solutes, which has resulted in extensive secondary salinization of groundwater and 
surface water (i.e., Peck and Hurle, 1973; Dimmock et ah, 1974; Peck, 1978; Allison 
et ah, 1990) and poses a serious environmental threat to freshwater resources in semi- 
arid and arid regions of Australia. However, the understanding of unsaturated zone 
solute dynamics and groundwater recharge rates in salinized landscapes is limited. In 
addition, few investigations of unsaturated zone geochemical processes have been 
conducted in arid and semiarid regions throughout the world (i.e., Johnston, 1987; 
Cook et al., 1992a; Nativ et al., 1997; Green et al., 2002). Mixing, evapotranspiration, 
mineral dissolution/precipitation, and water rock interactions are processes that are 
often discussed in these studies, but too difficult to quantify. These studies have often 
utilized C f to normalize other element concentrations or to estimate groundwater 
recharge rates, assuming that the C f ion is chemically conservative in the unsaturated 
zone. Br/Cl ratios are commonly used for testing this; however, nonconservative 
chemical behaviour of C f and Br' can result from processes such as mineral 
dissolution and mixing (Ullman, 1995; Davis et al., 2001; Davis et al., 2004), bacterial 
uptake (Shorter et al., 1995), adsorption by organic material (Gerritse and George, 
1988), vegetative uptake (Milton et al., 2003), and adsorption onto mineral surfaces 
(Seaman et al., 1996). This demonstrates limitations toward assessing solute dynamics 
with C f and Br', and their use as hydrogeochemical tracers.
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Isotopes of chlorine and bromine can be useful for identifying non-conservative 
behaviour and for quantifying the respective hydrogeochemical processes. Chlorine 
isotopes (37C1 and 36C1), and more recently 5 81Br (Shouakar-Stash et ah, 2006; Stotler 
et al., 2006), have demonstrated this effectiveness in hydrogeologic studies. Stable 
37C1 has been utilized to discern diffusional transport of Cl' (Desaulniers et ah, 1986) 
and Cl' sources (Clark and Fritz, 1997), whilst radiogenic 36C1 has been used to 
investigate a greater host of hydrogeologic mechanisms, including their timeframes.
36Cl has advantages over other radioisotopes isotopes commonly used in 
hydrogeologic studies due to the hydrophilic nature of the chloride ion and long half- 
life (3.01 ±  0.04 x 105 yrs) (Bentley et ah, 1986a).
Numerous Cl/Cl based groundwater dating studies have been conducted within 
Australia, most notable are those within the Great Artesian Basin (GAB) (Bentley et 
ah, 1986b; Torgersen et ah, 1991). In addition, fallout of elevated 36C1 due to nuclear- 
weapons testing during the 1950’s and early 1960’s has allowed for the use of 36C1 to 
identify modem recharge water in hydrogeologic studies (Bentley et ah, 1982). This 
method has proved successful in understanding unsaturated zone flow rates in both 
the northern and southern hemispheres (i.e., Walker et ah, 1992; Campbell et ah, 
2003). Thus, Cl functions as a mean for estimating groundwater recharge rates, 
groundwater flow rates, and ultimately groundwater ages.
Determination of actual groundwater ages is complicated by chemical processes 
occurring in both the unsaturated and saturated zones. Processes such as mixing, 
filtration, and dilution can produce 36C1/C1 ratios not solely attributable to 36C1 decay
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(Bethke and Johnson, 2002). Selecting an appropriate input ratio for age
O £
determinations is equally as problematic, resulting in a large range in Cl age 
calculations (Davis et al., 1998). Several studies in Australia (i.e., Bird et al., 1989; 
Turner et al., 1991; Cresswell et al., 1999a) have used 36C1/C1 ratios of shallow 
groundwater, rather than rainwater, as input values for assessing flow ages in regional 
systems. However; in Australia and other semi-arid regions, aquifers can be overlain 
by thick unsaturated zones consisting of highly weathered, low permeability materials 
(i.e., Cook et al., 1994; Hendry et al., 2000). If vertical infiltration of rainwater 
through these units represents the dominant recharge mechanism, the timeframes of 
this occurrence needs to be factored into the age calculation. In this case, 36C1/C1 of 
unsaturated zone pore waters may be the most appropriate input value for determining 
groundwater ages in regional systems.
Various geochemical mechanisms can influence the measured Cl/Cl ratio during 
unsaturated zone flow (i.e., evapotranspiration, mineral dissolution, and mixing). 
These mechanisms have often been viewed as limitations to the application of 36C1 in 
hydrogeologic studies because of the lack of understanding of geochemical processes 
in the unsaturated zone. Measurement of unsaturated zone Cl’ and Br' concentrations 
in conjunction with Cl/Cl ratios can allow for quantification of these processes, and 
to assess unsaturated zone flow dynamics. This application has gone largely 
underutilized in hydrogeological studies where 36C1/C1 has predominantly been used 
to estimate groundwater ages. This combination may prove useful to environmental 
studies interested in solute origin and mobility. In particular, to groundwater salinity 
studies which often rely on C f as a hydrogeochemical tracer and mean for interpreting 
other solute dynamics.
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In addition to the unsaturated zone results discussed in Chapter 4, this chapter 
presents an example of how soil pore water 36C1/C1 and Br/Cl ratios can be useful to 
identify and quantify unsaturated zone Cl" dynamics, estimate groundwater recharge 
rates, and establish a reliable Cl/Cl input value for age calculations of regional 
groundwater. The influence of evapotranspiration, halite dissolution, mixing, and 
infiltration rate on unsaturated zone pore water chemistry have been determined to 
help understand the chemical evolution and timeframes of groundwater recharge to a 
saline aquifer system in central New South Wales, Australia (Figure 5.1). This chapter
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Figure 5.1: Location of study area within the Bland Basin, central New South Wales (NSW), 
Australia. Adapted from Forbes, NSW and Cootamundra, NSW 1:250 000 map sheets (courtesy 
Geoscience Australia).
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aims to improve the application of 36C1 to recharge studies in salinised landscapes. 
Furthermore, a better understanding of the timeframes of geochemical processes in 
the unsaturated zone is critical for managing secondary salinization in semi-arid 
environments.
5.1 Regional Setting and Local Hydrology
The study focuses the 25x25 km Barmedman Creek Catchment, which is a 
subcatchment of the low-lying alluvial Balnd Basin in central New South Wales, 
Australia (Figure 5.1). Up to 100 m of highly weathered, unconsolidated Cenozoic 
sediments comprise a heterogeneous hydrogeologic system (Wilford et al., 2002) and 
hosts highly saline groundwater (TDS> 30,000 mg/1). A low hydraulic gradient (< 0.2 
m/km) and hydraulic conductivity values of 10"5 m/s result in an average linear 
velocity of ~15 cm/yr. Recharge to the main alluvial aquifer system in the Bland 
Basin (east of Barmedman Creek Catchment) occurs via vertical infiltration through 
sediments along the basin margins (Carrara, 2005). The upper reaches of Barmedman 
Creek Catchment represent the southwest margin of the Bland Basin. Groundwater 
recharge to the deeper confined/semiconfmed aquifers is likely the result of vertical 
infiltration of rainwater at outcropping areas along the basin margins, and to the 
shallow unconfmed/semiconfined aquifer through the near surface (<5 m) sandy-silt 
sediments present in the southern portion of the basin. Mean annual rainfall, 
calculated from monthly measurements from 1887-2005, is 48 cm/yr. The majority of 
the study area has been cleared of native Eucalyptus vegetation and is presently 
cultivated with canola and wheat. Barmedman Creek is an ephemeral tributary which 
flows from south to north after extended wet periods.
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5.2 Methods
Regolith was sampled in 2001 via diamond coring at three locations, GDH03, 
GDH04, GDH05 (Figure 5.2), to depths of 59, 80 and 40 metres respectively. Soil 
pore water was extracted via uniaxial compression at the Bureau of Rural Sciences 
(BRS) laboratories in Canberra, Australian Capital Territory. Pore water samples were 
analysed by the BRS in 2001 via ion chromatography. In July 2005, shallow (~0-3m) 
regolith was samples via push coring at sites located adjacent to the two original 
diamond core holes. Two push cores were conducted at each site. One core was 
intended solely for chlorine-36, chloride and bromide measurement and will be 
discussed in this chapter. The second push core hole was intended for high resolution 
pore water solute profiles and results are discussed in Chapter 4. Soil pore water was 
extracted from the 2005 push cores via uniaxial compression from a variety of 
unsaturated materials at the Australian Bureau of Rural Sciences laboratory in. Soil 
pore water was extracted from 2-3 cm intervals throughout the unsaturated zone, with 
particular emphasis on the upper lm of each of the two profiles. Samples were 
collected in sterile lOmL syringes then filtered through a 0.45pm filter into a 5 mL 
sterile vile. Samples for Cl" analysis were diluted with 18 MH deionized water and 
stored at ~10°C. C f and Br" content was measured with a Dionex DX4500i ion 
chromatograph using an AS14A column with NaHC0 3/Na2C03 eluent and 
electrochemical detector in conductivity mode at The Australian National University
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Figure 5.2: Sediment core locations within the Barmedman Creek subcatchment of the Bland Basin. 
Adapted from Cootamundra, NSW 1:250 000 map sheet (50 metre contour interval).
(ANU) Department of Earth and Marine Sciences (DEMS). Analytical error was 
estimated from replicate analyses of freshly prepared standard solutions and was 
found to be <5%.
Pore water samples from the 2001 diamond cores and the 2005 push cores were 
prepared for Cl analysis using a similar method described by Conrad et al. (1986) in 
C f free labs at ANU Department of Nuclear Physics and Research School of Earth 
Sciences. A solution of Cl free carrier (Weeks Island Halite) was provided by T.T. 
Barrows of ANU Department of Nuclear Physics and was added to samples 
containing <1 mg total Cf. Cl/Cl was determined by accelerator mass spectrometry 
at ANU Department of Nuclear Physics (Fifield et al., 1987). Cl" and Br" 
measurements were performed on all extracted pore waters from the 2001 diamond 
cores and 2005 push cores from locations GDH03, GDH04 and GDH05. In addition,
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one creek water sample and one rainwater sample (collected from a domestic 
rainwater tank) were collected in 2005, field filtered and later analysed for C f and Br~ 
at ANU DEMS. Selected samples from the diamond cores and push cores, as well as 
the creek water and rainwater samples were analysed for chlorine-36.
Comparison between pore water geochemical results from the 2001 diamond cores 
and corresponding duplicate push cores completed in 2005 indicate relatively good 
agreement between solute composition and distribution with depth. A slight 
disagreement between vertical solute distributions (<10 cm) is present between the 
two push cores (See Chapter 4, Figure 5) and is likely attributable to varying degrees 
of compaction of sediments during push coring. For the purposes of this study, 
comparison between solute profiles from adjacent sampling locations was only 
conducted to test for small scale (~l-2 m) spatial and temporal variability. Because 
some variations in solute concentrations with depth were present between the two 
push core locations, only the results from the holes intended for chlorine-36, chloride 
and bromide measurements are presented in this chapter. Full pore water geochemical 
results were presented and discussed in Chapter 4.
Laser scattering grain size analyses were performed by Geoscience Australia, 
Canberra on 2 cm vertical sections of regolith materials collected over regular depth 
intervals within the unsaturated zone profiles at GDH03, GDH04, GDH05 and 
adjacent push cores. Gravimetric moisture content was determined at ANU DEMS 
and is reported as percent mass ratio of water lost (after 24 hrs at 110° C) to total wet 
mass of soil.
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5.3 Results
Geochemical results are presented in Table 5.1 and summarized below.
5.3.1 Rainwater and Creek Water
Local meteoric water, collected from a rainwater tank in the town of Barmedman, 
exhibits a CT content of 2.75 mg/1, Br/Cl ratio of 7.14xl0'3, and 36C1/C1 ratio of 
250xl0 '15 (Table 5.1). Surface water collected from a stagnant pool in the ephemeral 
Barmedman Creek exhibits a Cl" content of 17.2 mg/1, Br/Cl ratio of 7.59x10" , and 
36C1/C1 ratio of 374xl0"15. For reference, average global seawater exhibits a Cl’ 
concentration o f -19,000 mg/1, Br/Cl ratio of -  3.5xl0"3 (Hem, 1992) and 36C1/C1 ratio 
below the present detection limit of 1x1 O'15 (Crcsswell et al., 1999b). Pore water Cl 
concentrations, Br/Cl ratios and 3bCl/Cl ratios are unique to each diamond core 
location, and results are presented separately.
5.3.2 Diamond Core GDH03
Grain size and moisture content
Grain size distribution in the unsaturated zone is fairly uniform; comprised 
predominantly of silt (50%) and sand (40%) sized sediments (Figure 5.3). The upper 5 
cm of the profile contains clay rich (40%) materials with some sand (32%) and silt 
(28%). Soil moisture content decreases from 29 wt. % at 0.01 m, to 7 wt. % at 1.5 m 
(Figure 5.3b). Below this depth, the moisture content remains at -15 wt. % throughout 
the remainder of the unsaturated zone. In 2001, when the diamond core was 
completed through both the unsaturated and saturated zone and permanent 
piezometers were installed, the standing water level was located at 7.45 m below the 
ground surface. At this location, water levels decreased from 7.45 m in 2001 to 8.24 
m below the ground surface in 2006 (Chapter 3).
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Table 5.1: Sediment and soil pore water results from Barmedman Creek Catchment, New South Wales, 
Australia (exact locations presented in Chapter 3). Sediments sampled via diamond coring and push coring (*) in 
2001 and 2005 respectively. Depth reported as metres below ground surface. Moisture content calculated as 
percent mass ratio of water lost at 110°C to total wet mass soil. 36C1 and error reported as ratio of 36C1 to total Cl 
(x!0~15)._______________________________________________________________________________________
Sample ID Depth Cm) %Moisture %Clav %Silt %Sand %Clav+Silt 36C1/C1 36C1/C1 Error c r Br'
GDH03* 0.01 41.39 40.00 28.00 32.00 68.00 380 28 20.9 0.09
GDH03* 0.10 7.87 6.43 40.90 52.66 47.34 186 16 80.7 0.20
GDH03* 0.35 10.88 8.01 43.51 48.48 51.52 314 13 477.0 1.76
GDH03* 0.50 14.37 14.04 47.06 38.90 61.10 399 18 499.0 2.79
GDH03* 1.00 13.59 12.17 45.38 42.45 57.55 461 17 1430.0 8.13
GDH03* 1.50 12.34 13.42 50.43 36.15 63.85 323 13 2351.0 10.43
GDH03 2.05 8.67 3780.00 16.80
GDH03* 2.50 16.36 54.56 29.08 70.92 158 7 4348.0 17.06
GDH03 3.00 15.09 14.04 53.52 32.44 67.56 407 19 2440.0 12.30
GDH03 4.25 17.02 17.87 51.44 30.70 69.30 698 36 2430.0 11.40
GDH03 4.80 14.96 13.91 38.92 47.17 52.83 285 14 2150.0 10.30
GDH03 6.40 18.43 15.92 46.30 37.78 62.22 98 7 5090.0 17.90
GDH03 7.40 14.90 6010.00 18.90
GDH03 8.00 13.60 6760.00 23.60
GDH03 8.65 16.62 6.44 49.94 43.62 56.38 113 7 5090.0 16.90
GDH04* 0.02 14.29 21.11 44.40 34.49 65.51 152 8 184.8 0.25
GDH04* 0.05 17.25 14.46 53.44 32.10 67.90 157 8 322.0 0.69
GDH04* 0.11 22.31 19.69 45.38 34.93 65.07 159 7 595.0 1.47
GDH04* 0.14 21.81 22.61 41.72 35.67 64.33 142 8 748.0 2.23
GDH04* 0.17 19.84 157 8 1026.0 3.20
GDH04* 0.20 21.19 21.84 51.74 26.42 73.58 153 7 1417.0 4.96
GDH04* 0.23 19.82 167 8 2187.0 7.71
GDH04* 0.35 19.92 16.85 60.32 22.83 77.17 166 8 5331.0 19.08
GDH04* 0.50 16.40 13.94 64.62 21.44 78.56 173 8 8216.0 29.84
GDH04* 0.65 16.07 14.79 55.97 29.24 70.76 151 7 8780.0 32.21
GDH04* 0.80 15.99 11.11 71.60 17.29 82.71 141 8 8667.0 30.18
GDH04 1.40 14.09 16.58 52.00 31.42 68.58 131 7 8960.0 28.40
GDH04 2.15 16.64 14.40 61.80 23.81 76.19 118 6 8810.0 25.70
GDH04 3.00 16.73 10.38 40.29 49.34 50.66 106 6 8510.0 29.50
GDH04 3.50 22.58 15.68 42.69 41.62 58.38 99 6 7730.0 26.40
GDH04 4.50 23.46 29.70 43.68 26.61 73.39 96 5 6300.0 17.70
GDH04 5.00 19.08 10.62 59.54 29.83 70.17 94 4 6920.0 19.50
GDH04 6.00 5.25 45.59 49.16 50.84 95 4 8710.0 24.30
GDH04 7.60 34.79 28.64 48.91 22.46 77.54 94 5 9850.0 27.60
GDH04 9.00 29.51 46.53 35.23 18.25 81.75 95 5 13400.0 34.20
GDH05 0.25 24.92 42.09 57.91 0.00 100.00 157 8 834.4 3.10
GDH05 0.70 24.08 39.61 60.39 0.00 100.00 138 8 2456.3 8.72
GDH05 1.25 23.70 37.27 62.73 0.00 100.00 4351.1 14.73
GDH05 2.05 21.73 32.75 64.43 2.82 97.18 7199.5 23.79
GDH05 2.50 21.86 34.70 64.44 0.86 99.14 8127.9 25.64
GDH05 2.95 21.32 30.79 69.21 0.00 100.00 8760.1 27.84
GDH05 3.20 25.30 7048.6 21.70
GDH05 3.60 20.92 30.00 66.62 3.38 96.62 7576.0 22.33
GDH05 4.05 17.54 18.75 79.24 2.01 97.99 9150.3 26.02
GDH05 4.55 15.64 15.28 83.20 1.52 98.48 11213.7 33.38
GDH05 5.40 12.89 14.45 81.94 3.61 96.39
GDH05 5.90 15.21 13.05 85.84 1.10 98.90 7198.7 21.05
GDH05 6.35 13.33 17.56 78.55 3.89 96.11 8097.8 23.25
GDH05 6.95 13.72 14.87 78.85 6.28 93.72 7625.2 21.88
GDH05 7.50 12.66 11.43 59.65 28.91 71.09 8337.8 24.23
GDH05 7.90 10.88 11.00 46.67 42.32 57.68 8236.8 23.53
GDH05 8.55 16.15 29.96 66.86 3.18 96.82 10895.5 31.65
GDH05 9.00 14.60 18.68 76.44 4.88 95.12
GDH05 9.45 13.43 14.50 75.63 9.87 90.13 7808.0 23.58
Creek Water 374 16 17.2 0.13
Rainwater 250 18 1.8 0.01
Seawater <1 19000.0 67.00
* Push core sample
Cl and Br Depth Profiles
Near surface pore water C f concentrations increase linearly with increasing depth 
from approximately 20 mg/1 at 0.01 m to 4,350 mg/1 at 2.5 m (Figure 5.4a). Br"
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concentrations also increase linearly over this depth interval. This rapid near surface 
increase in C f and Br'concentrations was encountered at 3 other sampling locations 
within Barmedman Creek catchment and discussed in detail in Chapter 4. Br/Cl ratios 
over this interval are less than the meteoric input (~ 7.0x1 O'15) and exhibit a 
decreasing trend with increasing depth (Figure 5.4b).
Pore waters sampled from 3.0-4.8 m exhibit lower CF concentrations (2150-2440 
mg/1) and higher Br/Cl ratios (~4.8xl0'15) than overlying samples. Samples collected 
from the bottom portion of the unsaturated zone (6.4 m) and from within the saturated 
zone (8.65 m) exhibit C f concentrations of approximately 5000 mg/1 and similar 
Br/Cl ratios (~3.4xi0'!5).
36Cl/Cl Depth Profile:
Pore water samples within the upper 0.5 m exhibit similar 36C1/C1 ratios to rainwater 
and creek water (Figure 5.5). The exception is a sample collected at 0.10 m which 
exhibits a Cl/Cl ratio significantly lower than creek water and rainwater. Below 0.5 
m, the pore water profile exhibits two zones of elevated 36C1/C1 ratios. The upper zone 
occurs between 1.0 m and 1.5 m where 36C1/C1 ratios increase from 399x10 '15 at 0.5 m 
to 4 6 1 x l0 15 at 1.0 m, then decrease to 158 xlO '15 at 2.5 m. The lower peak occurs 
between 2.5 m and 6.4 m where 36C1/C1 ratios increase from 158xl0'15 at 2.5 m to 
698xl0‘15 at 4.25 m, then decrease to 98 xlO '15 at 6.4 m. A ratio of 113xl0'13 is 
present at 8.65 m, which is within the saturated zone.
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Figure 5.3: Results of laser grain size analyses of unsaturated and saturated zone sediments from 
diamond cores GDH03, GDH04 and GDH05.
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5.3.3 Diamond Core GDH04
Grain size and moisture content
Grain size distribution in the unsaturated zone is fairly uniform; comprised 
predominantly (75%) of clay and silt sized sediments (Figure 5.3). Moisture contents 
are highly variable at this location. Soil moisture content increases from 14 wt. % to 
21 wt. % over the upper 15 cm, then decrease with increasing depth to 1.4 metres. 
Below this depth, soil moisture contents increase with increasing depth to the base of 
the unsaturated zone. At the time the diamond core was completed through both the 
unsaturated and saturated zone and permanent piezometers were installed (2001), the 
standing water level was located at 7.88 m below the ground surface. At this location, 
water levels decreased from 7.88 m in 2001 to 8.35 m below the ground surface in 
2006 (Chapter 3).
Cl' and B f  Depth Profde
Near surface pore water C f concentration increases rapidly from -185 mg/1 at 0.02 m 
to -8200 mg/1 at 0.5 m (Figure 5.4a). Below this depth, pore water C1‘ concentrations 
are relatively constant to a depth of 3.5 m. A zone of slightly lower C f concentrations 
(6300-7700 mg/1) is present from 4.5-5.0 m, followed by an increasing trend 
throughout the remainder of the unsaturated zone. Br' concentrations exhibit a similar 
depth trend. Near surface (<10 cm) Br/Cl ratios are significantly less than meteoric 
input and exhibit an increasing trend with depth over the upper 0.2 m (Figure 5.4b). 
Below this depth, the Br/Cl ratios do not vary outside the analytical uncertainty and 
are similar to seawater.
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36Cl/Cl Depth Profile:
36C1/C1 ratio of pore water in the upper 0.20 m fluctuates between 142-159 xlO'15 
followed by a slight increasing trend to a maximum of 173xl0'13 at 0.50 m (Figure
# i r
5.5). Cl/Cl ratios then decrease with increasing depth to a minimum of 93x10' at 
4.5 m. Below a depth of 4.5 m, pore water 36C1/C1 ratios are constant within error 
throughout the remainder of the unsaturated zone.
5.3.4 Diamond Core GDH05
Grain size and moisture content
Grain size distribution in the unsaturated zone is fairly uniform; comprised 
predominantly (>90%) of clay and silt sized sediments (Figure 5.3). Soil moisture 
content decreases with increasing depth throughout the unsaturated zone. No 
piezometer is present at this location; however, based on the water table depths at 
GDH03 and GDH04 and moisture content profile at GDH05, this study assumes that 
the unsaturated zone extends to at least 8 metres depth.
At all three sampling locations, fluctuations in soil moisture content appear to 
correspond to fluctuations in sediment grain size. Furthermore, increases in clay and 
silt content correlate with increases in moisture content. This suggests that the 
decreases in grain size results in
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Figure 5.5: Unsaturated zone pore water 36C1/C1 profiles for GDH03 and GDH04 pore waters.
increased porosity and can account for the fluctuating moisture contents within the 
unsaturated zone.
C l and Br Depth Profile
Near surface pore water Cl" concentration increases rapidly from —835 mg/1 at 0.25 m 
to -8760 mg/1 at 2.95 m (Figure 5.4a). Below this depth, pore water Cl" 
concentrations are relatively constant to a depth of 9.45 m. Near surface (<10 cm) 
Br/Cl ratios are significantly less than meteoric input but similar to seawater (5.4b). 
Br/Cl ratios decrease with increasing depth to 4.05 metres. Below this depth, pore 
water Br/Cl ratios are within the analytical uncertainty to a depth of 9.45 m.
36Cl/Cl Depth Profile:
Cl/Cl analyses were conducted on two near surface pore water samples for 
comparison with results from profiles GDH03 and GDH04. Sampling depth are 0.25 
and 0.70 m and Cl" concentrations of approximately 830 mg/1 and -2500 mg/1
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respectively. Br/Cl and 36C1/C1 ratios are less than meteoric ratios but are similar to 
those found in pore waters sampled from comparable depth intervals at GDH04 
(Table 5.1)
5.4 Discussion
5.4.1 Meteoric Input
Rainwater can exhibit large fluctuations in C f concentration and 36C1/C1 ratios due to 
wind direction, rainfall intensity, proximity to oceans or saline lakes, or time of year 
(Hingston and Gailitis, 1976; Blackburn and Mcleod, 1983; Simpson and Herczeg, 
1994; Keywood et al., 1997; Davis et ah, 1998; Keywood et ah, 1998). Results from 
rainwater, creek water and near surface pore water are considered in this study to 
represent Br/Cl and 36C1/C1 ratios of local meteoric input. Furthermore, daily wind 
(1965-2006) and rainfall (1895-2006) information from several Australian Bureau of 
Meteorology weather monitoring sites in the vicinity (<40km) of the study area were 
reviewed to assess the potential contribution of marine aerosols or Cl" solutes sourced 
from inland Australia to the measured 36C1/C1 and Br/Cl ratios of rainwater. Review 
of daily wind and rainfall data from 1965-2006 indicate the majority (>65%) of 
rainfall events were accompanied by westerly winds. In addition, rainfall intensity did 
not correlate with wind direction indicating that monsoonal rains do not reach this far 
south in Australia or this far inland from the coast. Furthermore, considering the study 
area’s geographical location and predominant westerly winds, it is unlikely that 
marine aerosols regularly dilute 36C1 concentrations in rainwater.
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The observed discrepancy between the 36C1/C1 ratios of the rainwater sample and both 
the creek water and near surface pore water at GDH03 is likely due to seasonal 
variability of meteoric 36C1/C1 ratios. Keywood et al. (1998) sampled rainwater over a 
two year period from a west-east transect and south-north transect in Australia. The 
study found that experimental measurements of Cl fallout in the southern 
hemisphere agreed with the predicted global fallout by Lai and Peters (1967). 
However, the study revealed large seasonal fallout fluctuations and poor correlation 
between rainfall amount and fallout rate. Review of daily climate data revealed 
several high rainfall events occurring just prior to sample collection from the domestic 
rainwater tank. The land holder confirmed that the tank had only been recently refilled 
by this brief period of high rainfall. This indicates that the chemical and isotopic 
composition of tank water represents a mixture of recent (weeks) rainwater rather than 
a mixture of longer term (months) rainfall chemistry. This could explain the lower 
36C1/C1 ratio yet similar Br/Cl ratio compared to creek water and near surface pore 
water.
Several studies within Australia have considered the influence of cyclic solutes, in 
particular halite, on the chemical composition of groundwater (i.e. Simpson and 
Herczeg, 1994; Ullman, 1995; Love et al., 2000; Cartwright et ah, 2004; Cartwright et 
al., 2006). These studies attribute low Br‘ concentrations relative to Cf to dissolution 
of halite during groundwater recharge. In addition to low Br' concentrations relative to 
Cf, Cartwright et al. (2006) also attributed low 36C1/C1 ratios to halite dissolution. 
Ullman (1995) reported extremely low Br/Cl ratios in halite minerals from Lake 
Frome, South Australia and Love et al. (2000) applied these values to model trends in
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Br/Cl ratios and Cl’ concentrations resulting from evaporation and dissolution of 
halite minerals during groundwater recharge.
C f bearing, Br' depleted solutes sourced from further inland areas of Australia such as 
the Lake Frome region or other large playa lake regions, could potentially influence 
the Br/Cl ratios and 36C1/C1 ratios in the Barmedman Creek catchment. However, 
considering that unsaturated zone soil pore waters exhibit Br/Cl ratios only slightly 
lower than meteoric values, it is unlikely that solutes sourced from inland evaporative 
lakes are influencing meteoric input at this location. Near surface pore water at 
GDH03 exhibit the lowest Br/Cl ratios of all unsaturated zone samples collected from 
each location yet display 36C1/C1 ratios within the range of local meteoric values 
(Figure 5.5). This suggests that halite dissolution is not influencing the Br/Cl ratios of 
near surface pore waters.
As discussed previously, the ephemeral nature of Barmedman Creek is not the result 
of groundwater discharge, but rather prolonged wet periods. Similarly, near surface 
pore water, indicated by elevated C f concentrations relative to rainwater, is also an 
accumulation of numerous rainfall events.
At location GDH03, Cl/Cl ratios similar to the creek water sample are present within 
the upper 50 cm of the profile. The total CF within this near surface zone can be 
estimated from the bulk density of the soil, moisture content and CF concentration. 
Pore water sampled from 0-2 cm (depth reported as 0.01 m) exhibits a moisture 
content of 41% and bulk density data collected by Geoscience Australia indicate an 
average wet bulk density of unsaturated zone sediments of 2.1 g/cm3. Considering a 1
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9 • •m by 2 cm deep soil column, and the pore water Cl' concentration and moisture 
content at 0-2 cm depth, the total amount of C f present is 360 mg Cl. Assuming an 
average local meteoric Cl" concentration of 2mg/l and considering the average annual 
rainfall of 480 mm/yr, the total meteoric deposition of Cl* is 960 mg/m2/yr. Assuming 
no net loss of Cl" and that rainwater is the sole source of Cl', the measured Cl" 
concentration of 21 mg/1 at 0.01 m represents nearly 5 months of Cl" deposition.
Considering the meteoric-like Cl/Cl ratio measured in a 3 of 4 pore water samples 
from within the upper 50 cm, the deposition timeframes can be estimated from the Cl" 
concentrations by a method similar to the above example. Median Cl" concentration 
and moisture content within the upper 50 cm is 280 mg/1 and 12.6 % respectively. The 
calculated amount of Cl’ present within a 1x1x0.5 m soil column is ~ 9,000 mg which 
represents approximately 125 years of Cl" deposition. As such, the Cl/Cl ratios 
measured in the creek water sample and near surface pore waters samples from 
GDH03 appear to be representative of the average 36C1/C1 ratio for modem meteoric 
water.
Tank water sample and creek water samples exhibit Br/Cl ratios of 7.1x10" and 
7.6x10" which are notably higher than the global mean seawater ratio and the 
measured ratios of near surface pore water within Barmedman Creek catchment. 
Within inland areas of Australia elevated Br concentrations relative to Cl’ have been 
reported for meteoric water, surface water and low salinity, modem groundwater (i.e., 
Arad and Evans, 1987; Love et al., 2000; Cartwright, 2003; Cartwright and Weaver, 
2005; Cartwright et al., 2006). Data from these studies exhibited lower Br/Cl ratios in 
higher salinity waters that were attributed to Br uptake by organic material, mixing or
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halite dissolution. Higher salinity pore water within the unsaturated zone in 
Barmedman Creek catchment also exhibit lower Br/Cl ratios and will be discussed in 
the context of mixing and evaporation during groundwater recharge in the following 
sections.
5.4.2 Unsaturated Zone Morphology and Solute Dynamics
The topography of Barmedman Creek Catchment is characterised by extremely low 
relief (0.7 m/km). The exception is a granite outcropping area in the southern portion 
of the catchment that rises a maximum 50 metres above the surrounding plains 
(Figure 5.2). Sediments within the unsaturated zone are characterized by fine grained 
transported materials deposited as low angle alluvial and colluvial fans (Gibson and 
Chan, 2000). Coarser grained unsaturated zone materials are present in the proximal 
portion of the catchment area, in the vicinity of Barmedman Creek and proximal to 
the granite outcropping areas. Flow within Barmedman Creek is ephemeral and creek 
water samples exhibit similar chemical and isotopic compositions to rainwater 
(Chapter 4). As such, the creek water appears to be sourced from meteoric water. 
Furthermore, based on differences in chemical and isotopic compositions of creek 
water compared to groundwater (See Chapter 3), Barmedman Creek does not appear 
to act as an area of localised groundwater recharge. Potential groundwater recharge 
likely occurs via diffuse recharge through the clay rich unsaturated zone materials. 
Variations in clay, silt and sand content of unsaturated zone sediments, as well as 
vegetation, appear to determine whether infiltrating rainwater recharges groundwater.
Water movement in the unsaturated zone inferred from distribution of Cf, Br' and
1 /:
Cl at each of the three sampling locations will be discussed below.
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5.4.2.1 Vertical Infiltration Rates
At all three sampling locations Cl' contents of near surface (<2.5 m) pore waters 
suggest low infiltration rates and a high degree of evapotranspiration in the near 
surface. Vertical recharge rates to the unconfmed/semiconfmed aquifers can be 
estimated by the chloride-mass balance (CMB) technique presented by (Wood, 1999). 
This method can be applied if preferential flow and significant surface runoff are 
negligible. Vertical flux (Q) can be estimated from annual precipitation rate (P), from 
the Cl' concentration in precipitation (Clp) and from the average Cl" concentration 
unsaturated zone soil pore water:
q = (P)(Clp)/Clu (1)
Applying eqn. (1) to average Cl' concentrations from beneath the root zone at GDH03 
(>2.5 m), GDH04 (>0.5 m) and GDH05 (>2.5) yields vertical recharge rates of 2.6 x 
10'4, 1.2xl0'4 and l . l x l 0 4 m/yr respectively. Vertical infiltration rates are estimated 
for 2 other locations (BGMR and BGSF) within Barmedman Creek catchment and are 
discussed Chapter 4. The rates calculated for locations GDH03, GDH04 and GDH05 
are similar to those calculated for locations BGMR and BGSF (Chapter 4). Figure 5.4 
depicts vertical profiles of CF concentrations and Br/Cl ratios from the three sampling 
locations. The following section will discuss C f concentrations and Br/Cl of 
unsaturated zone pore water to assess the effects of evapotranspiration and mixing 
during groundwater recharge as well as potential halide sources and sinks in the 
unsaturated zone.
5.4.2.2 Evapotranspiration and Solute Mobility
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At all three locations, Cl' concentrations increase rapidly with increasing depth 
suggesting a high degree of evapotranspiration in the near surface. Vertical 
distribution of C f in soil profiles the has been utilized to understand water movement 
in the unsaturated zone by Johnston et al. (1980), Peck et al. (1981), Allison et al. 
(1985) and Johnston (1987). Locations GDH04 and GDH05 can be described as 
monotonically increasing C f profiles (Johnston et al., 1980), which suggests that 
matrix flow conditions are dominant in the unsaturated zone at these two locations. 
Location GDH03 exhibits a bulge type profile (Johnston et al., 1980; Peck et al., 
1981; Allison et al., 1985) characterized by a zone of lower C f concentration from 
3.0-4.8 metres (Figure 5.4) which suggests that preferential flow, in addition to matrix 
flow, occurs at this location.
The depth of maximum Cf concentration is often attributed to the vertical extent of 
the root zone (Allison et al., 1985; Phillips, 1994; Tyler and Walker, 1994). Cores 
from within Barmedman Creek Catchment reveal maximum C f concentrations 
occurring at depths 0.5 m at GDH04 and at 2.5 m for both GDH03 and GDH05. This 
suggests that deeper root zones are present at GDH03 and GDH05. Cl" profiles at 
GDH04 and GDH05 from within areas cultivated with canola and wheat. Profile 
GDH03 is beneath mature stands of Casuarina cristata and Casuarina luehmanniana, 
which would presumably have greater rooting depths than the cultivated species at 
GDH04 and GDH05. The similar depths of maximum Cl" concentrations occurring in 
areas of different vegetation types suggest that factors other than root depths are 
influencing the near surface solute dynamics.
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Grainsize distributions at the three locations differ dramatically as well. Near surface 
sediments at GDH03 and GDH04 are dominated by silt sized particles (2-60p) while 
GDH05 sediments are dominated by clay sized particles (<2p). Cook et al. (1992b) 
proposed that under matrix flow conditions, soil texture was the dominant control on 
groundwater recharge rate. The authors noted a negative correlation between clay 
content and recharge rate in the upper 2 metres of the unsaturated zone in a study area 
in south eastern Australia. Despite variations in land management practices between 
sites, soil texture within the upper 2 metres was reported as the dominant control on 
recharge rate. The authors also presented unsaturated zone C f profiles from beneath 
native vegetation and cultivated land and noted the peak in C f concentration occurred 
at a greater depth at the cultivated site. They concluded that removal of native 
vegetation and replacement with cultivated species having lower water requirements 
resulted in increased infiltration and downward displacement of the chloride profile.
The three C f profiles from within this study area seem to contradict both the 
vegetation soil texture models presented by Allison et al. (1985), Cook et al. (1992b) 
Phillips (1994) and Tyler and Walker (1994). Both GDH04 and GDH05 C f profiles 
are beneath cultivated land and location GDH05 exhibits significantly greater 
proportions of clay sized sediments (Figure 5.3). According to the studies discussed 
above, near surface pore waters at GDH05 should theoretically exhibit greater C f 
concentrations that occur at a shallower depth than at GDH04. Instead GDH05 CT 
concentrations are lower within the upper 2 m and the peak Cl" concentration occurs 2 
metres deeper than at GDH04. Furthermore, profile GDH03 is beneath native 
vegetation and the upper 2 metres contain the lowest proportion of clay and silt sized 
sediments. The lower proportion of clay sized particles at GDH03 results in lower CF
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concentrations; however, despite the different vegetation types, the peak Cf 
concentrations occur at similar depths.
The conventional models describing the relationships between sediment texture, 
vegetation type and Cf distributions in the unsaturated zone do not adequately 
describe the results presented by this study. Factors such as variations in sediment 
mineralogy between the three sites and/or differences in historical land management 
practices may be a factor. Physical characteristics of clay-rich sediments of different 
mineralogy would behave differently during wetting and drying within the near 
surface of the unsaturated zone. In addition, the date of land clearance would also 
influence Cl distribution in the near surface. The deeper peak C f concentration 
observed at location GDH05 compared to GDH04 may be the result of earlier 
cultivation of land in the vicinity of GDH05.
At all locations, near surface pore water samples exhibit lower Br/Cl ratios than 
rainwater which suggests non-conservative C f and/or Br" behaviour during infiltration 
of near surface sediments. Cartwright et al. (2006) attributed low Br/Cl and 36C1/C1 
ratios in groundwater to dissolution of windblown halite containing 36C1/C1 ratios 
significantly lower than local meteoric values. However, mixing between different 
chemical and isotopic composition waters was not considered in detail in their study. 
In Barmedman Creek catchment, near surface pore waters at GDH03 exhibit lower 
Br/Cl ratios than rainwater, but similar 36C1/C1 ratios (Figures 5.4 & 5.5). Dissolution 
of locally sourced halite produced by evapotranspiration of local meteoric water 
would have meteoric-like Cl/Cl ratios and could explain the observed Br/Cl and 
Cl/Cl trend in near surface pore water at GDH03. However, if remobilization of
151
halite is a significant process, we would expect to also observe similar trends in near 
surface pore water composition at GDH04 and GDH05. Instead we see similar Br/Cl 
ratios to GDH03, but much lower 36C1/C1 ratios. As discussed in Chapter 4, organic 
rich material is present in the upper 0.15 m at both locations and removal of Br by 
biogeochemical processes such as anion adsorption onto organic material or by 
bacterial or vegetative uptake is a more likely explanation for the low near surface 
Br/Cl ratios than dissolution of halite.
Mixing between waters containing different C f concentrations and Br/Cl ratios would 
also influence the Br/Cl ratios and potentially the Cl/Cl ratios during groundwater 
recharge. To assess this process, numerical mixing models were constructed to 
simulate the effects of evapotranspiration and mixing on the measured Br/Cl and 
Cl/Cl ratios of pore water samples. The resulting curves are depicted in Figures 5.6, 
5.7 and 5.8 and the numerical models will be discussed in greater detail below. As 
discussed above, sediment texture and CMB calculated infiltration rates vary 
considerably between the sampling locations therefore the geochemical processes 
occurring at each location will be considered separately.
5.4.2.3 Diamond Core GDH04
At location GDH04 (distal to recharge zone), near surface Br/Cl ratios are also much 
lower than meteoric values, but exhibit an increasing trend within the upper 0.2 m to a 
consistent ratio comparable to seawater (Figure 5.4). Similar Br/Cl ratios were 
measured in pore water sampled from 0.25 m at GDH05, and are equivalent to the 
ratios measured in pore water from similar depth intervals at GDH04. As discussed 
earlier, it is unlikely that addition of C f is responsible for the lower near surface Br/Cl
152
ratios encountered at all three locations, but rather removal of Br' by biogeochemical 
processes (see also Chapter 4).
Pore water C f concentrations increase rapidly with increasing depth over the upper 
0.5 metres while Cl/Cl ratios remain relatively constant at approximately 160 x 10' 
(Figures 5.4 & 5.5). Cl' concentrations within the upper 0.5 metres are significantly 
higher than those encountered at locations GDH03 and GDH05 and can be attributed 
to a greater proportion of clay sized sediments and greater degree of 
evapotranspiration. Increasing Cl' concentrations and constant Cl/Cl ratios indicate 
that a high degree of evapotranspiration of meteoric water is occurring within the 
upper 0.5 metres. However, 36C1/C1 ratios are significantly lower than measured in 
rainwater and creek water samples suggesting that present day 36C1 fallout may be 
greater than in the past.
The constant near surface 36C1/C1 ratio of ~ 160 xlO '15 is similar to input values 
reported by numerous studies within arid and semi-arid regions of Australia (Bird et 
al., 1989; Turner et al., 1991; Cresswell et ah, 1999a; Cresswell et ah, 1999b). The 
Cl/Cl ratios from these studies were measured in modem groundwaters, and were 
lower than measured 36C1/C1 ratios in rainwater or the predicted meteoric fallout based 
on the models presented by Lai and Peters (1967) and Keywood et ah (1998). Cornett 
et ah (1997) noted similar inconsistency between measured 36C1/C1 ratios in rainwater 
and shallow groundwater, and Blinov et ah (2000) found inconsistencies between 
predicted 36C1 fallout and measured 36C1/C1 ratios in rainwater. Both studies attributed 
this excess to biotic cycling of bomb-pulse 36C1, in particular through burning of
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biomass. Their interpretations were supported by measurements of elevated Cl/Cl 
ratios in various plant materials by Milton et al. (1997).
Results from our study reveal a possible explanation to the commonly observed 
discrepancies between Cl/Cl ratios of modem meteoric water and modem 
groundwater in arid and semi-arid regions of Australia. The near surface 36C1/C1 ratios 
significantly lower than meteoric input are likely the result of mixing of modem, low 
C f meteoric water with older, high CT pore water derived by extensive 
evapotranspiration in the upper 0.5 m. This process has likely occurred over extended 
periods of time and the consistent near surface 36C1/C1 ratios possibly represent 
average long-term meteoric input. Timeframe of near surface (> 0.5m) Cl 
accumulation calculated from modem Cf deposition rate and total pore water Cl" 
content indicates a timeframe of -500 yrs. The Cl/Cl ratios measured in pore water 
samples from the upper 0.5 m at GDH04 and pore water from 0.20 m at GDH05 
possibly represent an average of meteoric 36C1/C1 ratios over the past several hundred 
years. Modem meteoric water may be exhibiting unusually high ratios attributable to 
atmospheric recycling of bomb-pulse 36C1, or reflect short-term natural variations in 
36C1 fallout for this location.
1 /:
Below 0.5 m, C f content and Br/Cl ratios remains relatively constant while Cl/Cl 
ratios steadily decrease to a depth of 3.5 m (Figures 5.6a-5.6c). This suggests that soil 
pore water below 0.5 m is no longer affected by present day Cl" and 36C1 deposition 
and evapotranspiration, and that the 36C1/C1 ratios of pore waters below 0.5 metres 
could only be influenced by processes such as halite dissolution, mixing and isotopic 
decay. However, the Br/Cl ratios of pore waters below 0.5 metres do not indicate any
36
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influences of halite dissolution and all pore waters are undersaturated with respect to 
halite.
Numerical mixing models were constructed to simulate the effects of flow related 
mixing processes on C1‘ concentrations and 36C1/C1 ratios (Figure 5.6). The mixing 
processes is assumed to be mobilization of solutes stored in low porosity, low 
transmissivity sediments by water during infiltration through the insaturated zone. The 
model assumes one-dimensional piston flow mixing between water having similar 
chemical and isotopic composition as at 0.5 metres and at 7.6 metres. Poor correlation 
between the modelled mixing trend and data trends indicate a lack of mixing at this 
location. Furthermore, diffusional transport of Cl" is also unlikely due to the lack in 
concentration gradient below 0.5 metres depth.
Within 0.5-3.5 m, the decreasing 30C1/C1 trend suggests that 36C1 decay is the 
dominant mechanism influencing the 36C1/C1 ratios of pore water (Figure 5.6a). 
Assuming isotopic decay is responsible for the observed trend, the age difference 
between pore water sampled at 0.5 m and pore water sampled at 3.5 m is -210,000 
yrs, indicating a vertical flux of 1.4x1 O'5 m/yr. This value is in good agreement with 
the CMB calculated vertical flux of 1.2x1 O'5 m/yr indicating a lack of vertical flow at 
this location.
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Figure 5.6: 36C1/C1 depth profile (a) and 3bCl/Cl (b) and Br/Cl (c) ratios versus Cf concentration for 
rainwater, creek water and GDH04 pore waters. Curves represent numerical models of one-dimensional 
piston flow mixing between pore water at 0.5 metres at 7.6 metres.
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Interestingly, the CMB calculation is based on modem Cl' deposition rates. The 
agreement between these two calculations suggests that the Cl' values of these pore 
waters are the product of meteoric deposition rates and near surface processes that are 
similar to present day, and that subsequent sedimentation of the catchment and lack of 
vertical water movement has preserved the Cl" chemistry of these samples. Although 
C f deposition may have fluctuated over time, the unsaturated zone pore water Cf 
concentrations at each sampling interval likely represent a cumulative average of 
meteoric deposition and evapotranspiration spanning timeframes of several thousands 
of years. The Cl" concentrations and "Cl/Cl ratios at greater depths exhibit increasing 
C f and relatively steady 36C1/C1 ratios. This could be due to variable palaeoclimatic 
conditions and/or sedimentation rates at the time of near surface CT deposition.
5.4.2.4 Diamond Core GDH03
o  z:
The Cf, Br/Cl and Cl/Cl depth profdes at this location (proximal to recharge zone) 
exhibit a large range of values which reflect the complexity o f unsaturated zone 
processes (Figures 5.4 and 5.5). The use of these three measured parameters has 
allowed for semi-quantitative assessments of both flow behaviour and the 
geochemical processes occurring during infiltration of the unsaturated zone. As 
discussed in Chapter 4, the sediments in this area are characterized by 2:1 clays, 
which are subjected to extensive shrinking and swelling. During dry periods, large 
cracks were observed at the surface and extend beneath the shallow root zone. Two 
types of flow likely occur at this location; rapid infiltration of rainwater along root
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channels and through cracks in the sediments, and slow piston-like, porous flow 
through the silt and clay-rich sediments.
Unsaturated zone flow  dynamics
As discussed above, the bulge type Cl' profile is indicative o f bimodal flow behaviour. 
The incremental increase in C f with increasing depth within the upper 2.5 metres 
suggest that pore waters within this upper zone have been transported under piston­
like flow conditions through the silt and clay rich materials. Within this zone the pore 
water has been subjected to a greater degree of evapotranspiration and mixing. This is 
indicated by steadily increasing C f concentrations and decreasing Br/Cl ratios (Figure 
5.4). Four pore waters samples from within the upper 1.5 metres exhibit meteoric like
t /r
Cl/Cl ratios and C f concentrations from 20-2,250 mg/1. This indicates a high degree 
of evapotranspiration of modem meteoric water occured over this depth interval. 
Based on modem C f fallout and assuming no net loss of Cf, Cl within the upper 1.5 
metres presents approximately 200 years meteoric C f deposition.
Evidence for preferential flow is also indicated by the geochemical profiles, in 
particular the 36C1/C1 profile which exhibits zones of 36C1/C1 ratios that are 
significantly greater than meteoric water (Figure 5.5). During this period 36C1 was 
generated from thermal neutron activation of Cl and the Cl fallout “bomb-pulse” 
occurred over a relatively short period of time. Global atmospheric circulation of 
bomb-pulse 36C1 was modelled by Bentley et al. (1982). The fallout pulse reportedly 
occurred from 1953-1964 with mid-latitude fallout maximum 1000 times greater than 
natural background. Therefore, bomb pulse Cl in groundwater has likely originated 
from rainwater falling between the years 1953-1964. However, because of the lag
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time in bomb-pulse tritium fallout between the northern hemisphere and southern 
hemisphere, and peak fallout two orders magnitude less than observed in the northern 
hemisphere (Allison and Hughes, 1977), this study assumes that atmospheric fallout 
o f bomb 36C1 ceased by 1966 and predict the magnitude of peak fallout was one to 
two orders of magnitude greater than present day meteoric water.
Bomb-pulse 36C1 has been reported in water samples by numerous studies from within 
Australia, although often substantially diluted through mixing with non-bomb pulse 
waters (i.e., Bentley et ah, 1986b; Fifield et al., 1987; Turner et ah, 1987; Walker et 
ah, 1992; Cook et ah, 1994; Jacobson et ah, 1998; Cartwright et ah, 2006). At location 
GDH03, two zones of elevated 36C1/C1 ratios relative to meteoric water are present; 
one within the root zone (0-2.5 metres) and one at greater depth (Figure 5.5). Despite 
the strong evidence for evapotranspiration of present day meteoric water over the 
upper 1.5 metres, a sample extracted at 1 metre exhibits a significantly higher Cl/Cl 
ratio suggesting the presence of “bomb-pulse” 36C1. The CF concentration measured
for this sample is 1,430 mg/1 indicating that mixing with non bomb-pulse water has
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diluted the Cl/Cl. Furthermore, a region of elevated Cl/Cl ratios is also present 
from 3.0 to 4.8 metres and corresponds to a zone of lower CF and higher Br/Cl ratios 
than pore waters sampled at shallower depths (Figures 5.4 and 5.4). This suggests a 
lesser degree of evapotranspiration and mixing and supports the theory of 
groundwater recharge occurring via preferential flow in the unsaturated zone.
Because the lower 36C1/C1 peak is located beneath the root zone, the mean unsaturated 
zone recharge rate can therefore be estimated from the depth of bomb-pulse waters 
(Walker et ah, 1992). At GDH03, bomb-pulse water is located at 4.8 m, which
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corresponds to a vertical recharge rate of ~ 14 cm/yr. This is several orders of 
magnitude greater than was estimated from CMB calculations (< 1 mm/yr). 
Cartwright et al., 2007 presented the concept of dual porosity to explain differences 
between recharge rates calculated by CMB and those calculated based on 3H and 14C 
of groundwater. The authors argued that saline waters are trapped within low- 
permeability sediments in the unsaturated zone and are only slowly mobilized by 
enhanced groundwater recharge since clearing of native vegetation. CMB calculated 
groundwater recharge rates for the Cowra formation in the Bland Basin were more 
than an order of magnitude greater than estimated from 14C ages of groundwater 
(Carrara, 2005). This was attributed to an underestimate with the CMB method due to 
evapotranspiration of groundwater following recharge. The main alluvial aquifer 
system in the Barmedman Creek Catchment is analogous to the Cowra Formation in 
the adjacent Bland Basin described by Williamson (1986). Groundwater recharge 
rates to the Cowra Formation aquifer are estimated to be 0.2 -  5.0 mm/yr (Carrara, 
2005). The difference between CMB recharge rates and estimates based on bomb- 
pulse 36C1/C1 in the Barmedman Creek Catchment is most likely due to preferential 
flow.
Bomb pulse 36C1 has already been detected in unsaturated soil profiles within 
Australia. Fifield et al. (1987) encountered it at 1-1.5m and Cook et al. (1994) at 4- 
6m. The presence of two distinct 36C1 bomb pulses, one from within the root zone and 
one at greater depth, is the first known occurrence from within Australia. The 
discovery of bomb-pulse water at a depth of 4.8 m is also significant because it 
demonstrates two different unsaturated zone flow behaviours, and also a high degree 
of solute mobility. The upper bomb-pulse has likely resulted from piston-like flow
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through the root zone while the lower bomb-pulse waters suggest that preferential 
flow via infiltration through cracks and along root channels is important at this 
location.
Evapotranspiration and Mixing
The presence of “bomb-pulse” Cl at two different depth intervals indicates that 
modem meteoric water is infiltrating the unsaturated zone sediments at location 
GDH03. Evapotranspiration of modem meteoric water during groundwater recharge 
would produce C f concentrations in the unsaturated zone that increased with 
increasing depth (Johnston et al., 1980; Allison et al., 1985; Johnston, 1987) and 
constant Br/Cl and 36C1/C1 ratios. At GDH03, the non-uniform Cl depth profile and 
variations in Br/Cl and 36C1/C1 ratios suggest that flow related geochemical processes 
are influencing the chemical composition of groundwater recharge.
As discussed in Chapter 4, biogeochemical processes appear to be influencing the Br' 
concentrations of soil pore waters in the near surface organic horizon. Furthermore, 
results discussed in Chapter 4 indicate that halite dissolution during infiltration of near 
surface sediments is also unlikely. Mixing between different chemical composition 
waters during vertical infiltration of the unsaturated zone may explain the variations
'Xfkin Br/Cl and Cl/Cl ratios beneath the organic horizon.
Mixing Effects on Br/Cl a n d 36Cl/Cl Ratios
To better understand the effects of mixing on the measured Br/Cl and 36C1/C1 ratios, 
numerical models were constructed to simulate the effects of mixing between present 
day meteoric water and a saline unsaturated zone end member present at 7.4 m
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(Figures 5.7a-5.7c). Based on Cl" concentrations and Cl/Cl ratios within the upper 
1.0 metre the models incorporate evapotranspiration of meteoric water to 500-1000 
mg/1 followed by mixing under 1 dimensional piston-like flow conditions. The simple 
piston flow scenario was chosen due to the greater number of uncertainties associated 
with preferential flow, such as degree of evapotranspiration and variable flow rates.
Mixing endmember compositions were estimated from chemical and isotopic 
compositions of rainwater, creek water and pore waters sampled from the base of the 
unsaturated zone. Based on creek water, rainwater and near surface pore water results, 
average meteoric input is assumed to have a Br/Cl and 36C1/C1 ratios of approximately 
7.15 xlO" and 380x10’ . The saline endmember composition is based on soil pore 
water results from 6.4 and 7.4 metres depth and has a Cl" concentration of 6010 mg/1, 
Br/Cl ratio of 3.15xl0'3 and 36C1/C1 ratio o f 98xl0 '15.
Figure 5.7 depicts modelled trends for evapotranspiration and mixing of meteoric 
water during vertical infiltration under piston flow conditions at location GDH03. CF 
concentrations and 36C1/C1 ratios in the upper 50 cm suggest that evapotranspiration of 
meteoric water is the dominant geochemical process within this zone. However, over 
this depth interval Br/Cl ratios are highly variable and are appreciably less than 
meteoric water. As discussed in Chapter 4, Br/Cl ratios near surface pore water 
samples from GDH03 as well as three other locations within the Barmedman Creek 
catchment, appear to reflect non-conservative geochemical behaviour o f bromide 
within the upper 50 cm of the unsaturated zone. Processes such as Br' adsorption onto 
organic material or nutrient up-take by plants could account for the lower Br/Cl ratios 
within the upper 35 cm at GDH03. However, differentiating between biogeochemical
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processes and mixing between different chemical composition waters is not possible 
with the available data sets. Furthermore, because the Cl/Cl ratios support 
evapotranspiration as the dominant process within the upper 50 cm, while Br/Cl ratios 
suggest that evapotranspiration and mixing are occurring over this depth interval, 
numerical models were constructed for mixing from 0.0 metres and from 0.5 metres 
depth (Figure 5.7). Resultant mixing curves are the products of numerical simulations 
of evapotranspiration of meteoric water to 500 and 1000 mg/1 followed by mixing 
with a saline endmember present at 7.4 metres depth.
Comparison of modelled and measured trends for Br/Cl ratios as a function of depth 
and C f concentration (Figure 5.7) suggest that evapotranspiration of modem meteoric 
water to 1000 mg/1 C f prior to mixing during downward piston flow through the 
unsaturated zone best describes the observed soil pore water trends. The exceptions 
are pore waters between 3 and 5 metres which exhibit bomb-pulse Cl/Cl signatures. 
Modelled mixing trends for 36C1/C1 as a function of depth and C f concentration 
(Figure 5.7) poorly describe those exhibiting bomb-pulse 36C1/C1 signatures. 
However, depth trends in non bomb-pulse pore water closely match the modelled 
trend in 36C1/C1 ratios for pore waters subjected to evapotranspiration to 1000mg/l 
followed by mixing. The failure of the one-dimensional piston-flow mixing models to 
describe the Br/Cl ratios of the bomb-pulse
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Figure 5.7: 36C1/C1 depth profile and 36C1/C1 and Br/CI ratios versus Cl" concentration for rainwater, creek water 
and GDH03 pore waters. Curves represent numerical models of evapotranspiration of rainwater to 500 mg/1 and 
1000mg/l Cl" followed by one-dimensional piston flow mixing with pore water at 7.4 metres.
pore waters further support that these samples are subjected to lesser degrees of 
mixing which is most likely the result of preferential flow through the root zone. 
However, because the models reasonably succeed in describing the trends in Br/CI
T Z
and Cl/Cl ratios of non bomb-pulse waters, one dimensional vertical piston-like flow 
also appears to be an important characteristic of unsaturated zone flow.
164
5.4.2.5 Diamond Core GDH05
At location GDH05 Cl' concentrations increase over the upper the upper 3 metres and 
Br/Cl ratios decrease with increasing depth (Figure 5.4). This is similar to the CF and 
Br/Cl trends observed at location GDH03 suggesting that similar near surface 
geochemical processes are occurring at both locations. The depth intervals over which 
unsaturated zone CF concentrations increase have been attributed to the vertical extent 
of the root zone by Allison et al. (1985), Phillips (1994) and Tyler and Walker (1994) 
and described as the result of vertical infiltration under piston-like flow conditions 
(Johnston et al., 1980; Allison et al., 1985; Johnston, 1987). At locations GDH03 and 
GDH05, the similar depths of maximum CF concentrations suggest similar root zone 
depths; however, CF concentrations are much greater at GDH05 indicating greater 
degrees of evapotranspiration and/or mixing. The maximum CF concentration at 
GDH04 is similar to location GDH05 indicating similar degrees of 
evapotranspiration; however, at location GDH04, pore water CF concentrations 
increase over the upper 0.5 metres suggesting a shallower root zone than at locations 
GDH03 and GDH05.
The monotonically increasing CF profiles present at both GDH04 and GDH05 suggest 
similar unsaturated zone flow characteristics. However, near surface Br/Cl ratios are 
lower at GDH04 and increase with increasing depth to 0.65 metres, although only one 
soil pore water sample was taken from the upper 0.65 metres at location GDH05, and 
comparison of near surface geochemical processes between the two locations is not 
possible. Below 0.65 metres, Br/Cl ratios at both GDH04 and GDH05 decrease 
slightly with increasing depth indicating similar unsaturated zone geochemical
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processes. At GDH05, the decreasing trend is more pronounced suggesting that flow 
related geochemical processes may be important at this location. However, despite the 
consistent decrease in Br/Cl ratios with depth, almost all values are within the 
analytical uncertainty of the measurements.
Evapotranspiration and Mixing
Mixing models similar to those used for GDH03 were constructed to assess the roles 
of evapotranspiration and to test for potential flow related mixing processes on the 
observed Br/Cl depth profile (Figure 5.8). One dimensional piston flow conditions are 
assumed and mixing endmembers are meteoric water and GDH05 pore water sampled 
at 8.55 metres. Evapotranspiration of meteoric water to 500 and 1000 mg/1 prior to 
vertical infiltration and mixing was incorporated into the numerical models (Figure 
5.8). Both modelled trends fail to describe the near surface soil pore water Cl- 
concentrations and Br/Cl ratios indicating a lack of flow related mixing processes 
through this depth interval. The lack of data having Cf concentrations and Br/Cl 
ratios closer to meteoric water prevent any detailed assessment of geochemical 
processes occurring during infiltration through the near surface unsaturated zone at 
GDH05.
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Figure 5.8: Br/Cl depth profile and Br/Cl ratios versus Cl' concentration for rainwater, creek water and 
GDH05 pore waters. Curves represent numerical models of evapotranspiration of rainwater to 500 mg/1 
and 1000mg/l Cl' followed by one-dimensional piston flow mixing with pore water at 8.55 metres.
Considering that Br/Cl ratios show no statistical variations and that Cl' concentrations 
are fairly uniform beneath the monotonically increasing portions of this profile, 
location GDH05 appears to exhibit very similar unsaturated zone solute dynamics as 
location GDH04. The Cl/Cl ratios measured in pore waters within the upper 1 metre 
are similar those measured at within the upper 1 metre at GDH04 and are significantly 
less than measured in rainwater, creek water and near surface pore waters at GDH03. 
This suggests that modem meteoric 36C1 deposition is insignificant at this location and 
that 36C1/C1 ratios in the past may have been significantly lower than present.
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5.5 Conclusion
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The conjunctive use of Cl, Cl and Br has improved the applications of Cl for 
understanding groundwater recharge rates by allowing to quantify processes that can 
change the Cl/Cl ratio other than isotopic decay (i.e. mixing and halite dissolution). 
Meteoric Cl/Cl ratio in this region does not appear to be affected by addition of 
marine or terrestrial derived Cl\ Cf concentrations of pore waters are the result of 
long term Cl" and Cl deposition and subsequent evapotranspiration in the near 
surface. Agreement between the chloride mass balance and Cl calculated infiltration 
rates suggests that modem meteoric Cl" concentrations are comparable to average Cl" 
concentrations of rainwater over the last several hundred thousand years. In addition, 
the consistent 36C1/C1 ratios in the upper 0.5 m at GDH04 and GDH05 possibly 
represent a long term average meteoric 36C1/C1 ratio. This ratio is significantly less 
than present day values but similar to that reported for modem groundwaters in 
several studies within Australia. The discrepancy between modem meteoric " Cl/Cl 
ratios and potential long-term average is uncertain. Biosphere recycling of bomb-
t / :
pulse Cl has been proposed by studies in the northern hemisphere and could account 
for the elevated 36C1/C1 ratios of meteoric water relative to modem groundwater. 
However, due to the lack of long term monitoring of meteoric Cl/Cl ratios in 
Australia, historical variability is not known. Results from this study suggest that 
Cl/Cl measurements of unsaturated zone pore waters in arid and semi-arid areas of 
Australia may provide a mean for establishing an average long-term meteoric Cl/Cl 
ratio, and provide an input value for age calculations of regional groundwater.
This study has also demonstrated that 36C1/C1, Cl", and Br" measurements of 
unsaturated zone pore waters provide an accurate mean for assessing various
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geochemical processes and flow characteristics in the unsaturated zone. The presence 
of bomb-pulse 36C1 at two different depth intervals demonstrates two different 
unsaturated zone flow behaviours and variable solute mobility. The data suggest that 
rainwater slowly infiltrates the near surface under piston-like flow conditions and is 
exposed to a high degree of evapotranspiration. This results in long-term 
accumulation of solutes in the near surface, which are mobilized by rapid infiltration 
of modem water along preferential flow paths. This suggests that clearing of native 
vegetation has resulted in enhanced downward transport of unsaturated zone solutes 
and represents a significant mechanism of secondary salinization of groundwater.
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6 FROM RAINWATER TO GROUNDWATER
6.0 Introduction
Approximately 30% of continental precipitation is sourced from the oceans (Garrels et 
al., 1975). The hydrologic cycle depicts rainwater, derived from evaporation of 
seawater, as the atmospheric input to the continental fresh water cycle. However, it is 
well documented that rainwater composition can vary dramatically between seasons, 
between rainfall events, and also vary with time in a single rain event (Warburton, 
1982; Seymour and Stout, 1983; Lehmann et al., 2005). Large variations in the 
chemical composition have been attributed to plant emission and biomass burning 
(Mano and Andreau, 1994; Gan et al., 1998) sea salt aerosols (Guelle et al., 2001; 
Sander et al., 2003) agricultural fertilizers and pollution (Reeves and Penkett, 1993). 
Furthermore, within Australia, atmospheric precipitation can exhibit compositions 
that vary considerably from seawater due to incorporation of continental dust 
(Hingston and Gailitis, 1976; Blackburn and McLeod, 1983; Chivas et al., 1991).
Groundwater and surface water are often sourced from meteoric water, yet can exhibit 
“marine” like chemical signatures that are often attributed to hydrogeochemical 
processes such as evapotranspiration, cation exchange and mineral 
dissolution/precipitation (i.e., Herczeg et al., 1993; Love et al., 2000; Herczeg et al., 
2001; Davis et al., 2004; Cartwright et al., 2006). These processes are often associated 
with the unsaturated zone; however, very few groundwater studies (Edwards and 
Webb, 2006; White et al., 2006) have incorporated unsaturated zone solute dynamics 
into their interpretations of groundwater chemistry.
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Furthermore, numerous groundwater studies have noted variations in chemical 
composition and increases in salinity along the flow path that have been attributed to 
mixing between different hydrogeologic units (i.e., Domenico and Robbins, 1985; 
Bentley et al., 1986; Phillips et ah, 1986; Love et ah, 2000). However these studies 
often have little to no information on the chemical composition of mixing end 
member waters.
Chapters 3, 4 and 5 show the results of unsaturated and saturated zone pore water 
solute profiles for understand geochemical processes during groundwater recharge 
and groundwater flow through a highly heterogeneous aquifer system. Below is a 
general summary discussion of the finding from each of the chapters that comprise the 
main body of this thesis.
6.1 Evolution of Groundwater from Rainwater
5 rainwater samples collected from Barmedman Creek catchment exhibit ion ratios 
that differ from regional groundwater, which has a composition resembling diluted 
seawater. Rainwater exhibits elevated Br/Cl, SO4/CI, NO3/CI, Ca/Cl, and K/Cl ratios 
relative to groundwater and seawater. Na/Cl and Mg/Cl ratios are similar to regional 
groundwater.
Unsaturated zone pore water geochemical and isotopic results from 5 unsaturated 
zone profiles in Barmedman Creek catchment provide the missing link between rain 
water chemistry and groundwater chemistry. C f and Cl/Cl ratios from three 
complete unsaturated zone profiles provide a means for assessing solute mobility and
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groundwater recharge rates. At all five locations, the trends in major ion 
concentrations indicate the geochemical evolution from rainwater to groundwater 
appears to occur in the upper 1 metre of the unsaturated zone and can be attributed to 
evapotranspiration, biogeochemical processes, nutrient cycling and cation exchange.
Less pronounced trends in groundwater chemistry are observed along the south to 
north flow path within the Barmedman Creek aquifer that can be attributed to mixing 
between more saline pore waters and less saline groundwater. Complete saturated 
zone pore water chemical and isotopic profiles at GDH03 and GDH04 provide a 
means for assessing flow related mixing processes in a complex heterogeneous 
aquifer system. Based on the results of this study, element concentrations and element 
ratios most useful for assessing unsaturated and saturated zone processes are 
presented in Table 6.1 and discussed below.
Table 6.1: Elements concentrations and elements ratios most useful for assessing the affects of various 
unsaturated and saturated zone processes____________________________________________________
Evapotranspiration 
and Solute Mobility
Biogeochemical
Processes
(i.e. Bioassimilation and 
Organic Adsorption)
Nutrient Cycling Cation
Exchange
Mineral
Dissolution/
Precipiration
cr SO /', SO4 /CI K, K/Cl Na, Na/Cl Br‘, Br/Cl
3 6 C1/C1 Br', Br/Cl Ca, Ca/Cl Ca, Ca/Cl Na, Na/Cl
Br\ Br/Cl NO/, NO3 /CI Na/Ca S042', SO4 /CI
s o 42\  scyci Mg, Mg/Cl Ca, Ca/S045'
6.1.1 Unsaturated Zone
Groundwater within the Barmedman Creek aquifer system exhibits C f concentrations 
ranging from 5,492 mg/1 to 16,514 mg/1 that can be attributed to evapotranspiration 
and mixing during groundwater recharge and groundwater flow. Element to Cl" ratios 
in groundwater are the result of biogeochemical processes, nutrient cycling and cation
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exchange during vertical infiltration of rainwater through the upper 1 metre of the 
unsaturated zone. Minor variations in element to chloride ratios in groundwater can be 
attributed to mixing along the flow path.
Bio geo chemical Processes
Near surface biogeochemical processes appear to influence the Br/Cl and SO4/CI 
ratios o f rainwater and can account for ratios lower than meteoric water in pore water 
and groundwater. Low Br/Cl ratios and decreasing Na/Cl ratios with increasing Cl' 
concentrations suggested halite dissolution; however, much lower Br/Cl ratios would 
occur if rainwater dissolved only a minor amount of halite during infiltration (Chapter 
4). Decreasing SO4/CI and Ca/SC>4 ratios within the upper 40 cm suggest that 
progressive evaporation of meteoric water results in gypsum precipitation (Chapter 4). 
However, all pore waters are undersaturated with respect to gypsum. A more 
appropriate interpretation for the observed trends is that biotic processes are 
preferentially sequestering Br' and SO42' relative to Cf, as it is well documented that 
organic materials, vegetation and microorganisms can act as sinks for bromide and 
sulfate (Johnson, 1984; Gerritse and George, 1988; Mayer et al., 2001; Novak et al., 
2003). The variations in Br/Cl and SO4/CI occur in the biologically active organic 
horizons at all locations therefore, adsorption of Br' and bioassimilation of SO4 during 
infiltration of rainwater through the organic soil horizon can explain the observed 
discrepancies between rainwater and groundwater chemistry.
Nutrient Cycling
Groundwater exhibits lower NO3/CI, Ca/Cl, and K/Cl than meteoric water (Chapter 
4). Four near-surface (<lm) unsaturated zone profiles exhibit large variations in
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NO3/CI, Ca/Cl, Mg/Cl and K/Cl ratios (Chapter 4). Within the upper 0.05 metres, 
these ratios are greater than meteoric water. At all four unsaturated zone profiles, the 
NO3/CI, Ca/Cl, Mg/Cl and K/Cl ratios in pore waters decrease with increasing depth, 
to ranges observed in regional groundwater (Chapter 4). It is well documented that 
vegetation retains limiting nutrients within the root zone by scavenging growth 
limiting elements from the soil and soil water and redistributing them to the near 
surface soils by litter fall and through fall (i.e., Schlesinger et al., 1996; Schlesinger 
and Pilmanis, 1998; Jobaggy and Jackson, 2001). This enrichment process results in 
near-surface accumulations of growth limiting solutes. In Texas, USA, agricultural 
practices have resulted in mobilization of limiting nutrient stores and were attributed 
to NO3 contamination of groundwater (Kreitler and Jones, 1975). The near surface 
enrichment in pore water NO3/CI, Ca/Cl, and K/Cl ratios, and decreasing depth trends 
are the result of nutrient cycling by native vegetation and cultivated plant species. 
Different vegetation types have different limiting nutrient requirements (i.e., Foulds, 
1993) and this is reflected as differences in cation/chloride ratios between the 
sampling locations under different vegetation types. At all locations, nutrient cycling 
appears to be a dominant control in the geochemical evolution from rainwater to 
groundwater. Near surface accumulations of limiting nutrients represent a significant 
solute store in Barmedman Creek catchment. Although not likely a threat to regional 
groundwater in this study location, solutes stored in the near surface by nutrient 
cycling may represent a significant solute source to regional groundwater in other 
agricultural catchments.
Cation Exchange
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The variations in cation to chloride ratios in unsaturated and saturated zone pore 
waters and groundwater also suggest that cation exchange is influencing the chemical 
composition of groundwater recharge. Samples exhibit Na/Ca ratios that decrease 
with increasing salinity which is indicative of cation exchange (Arad and Evans, 
1987). However the large near surface enrichment in cation to chloride ratios suggest 
that nutrient cycling is more dominant than cation exchange. The variations in Na/Ca 
ratios occur predominantly in the root zone at each location and can be explained by 
vegetative uptake of Ca. Because Ca is the most limiting nutrient to the native plant 
species (Casuarina cristata and Casuarina luehmanniana) found adjacent to three of 
four sampling locations (GDH03, BGMR, BGSF) (Foulds, 1993), the variations in 
Na/Ca ratios are likely dominated by nutrient cycling rather than cation exchange. Na 
is the least limiting nutrient for these plant species (Foulds, 1993) yet still exhibits 
minor variations in Na/Cl ratios that are most likely the result of cation exchange. 
This is further confirmed by Na/Cl trends that exhibit decreases with increasing 
salinity at Na concentrations >30meq/L. Similar Na concentration were reported by 
Arad and Evans (1987) for when a change in preference from Ca to Na occurs on 
exchange sites of 2:1 clays. In Barmedman Creek catchment, Na concentrations and 
Na/Cl ratios appear the best indicators of cation exchange. However, the effects of 
this process on the cation compositions of groundwater recharge are minor compared 
to nutrient cycling.
Evapotranspiration and Solute Mobility
Unsaturated zone pore water C f concentrations increase with increasing depth at all 5 
unsaturated zone profiles indicating a high degree of evapotranspiration of meteoric 
water during groundwater recharge. C f concentration and moisture content correlated
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positively with clay content in the upper 1 metre of the unsaturated zone. This 
indicates that increased clay content results in increased porosity, but also a decrease 
in permeability resulting in greater degrees of evaporation of rainwater during 
infiltration.
Complete unsaturated zone pore water solute profiles at two locations in the northern 
portion of the catchment (GDH04 and GDH05) exhibit monotonically increasing C f 
profiles indicating similar solute dynamics. 36C1/C1 ratios of pore waters at location 
GDH04 exhibit an isotopic decay profile that indicates a lack of vertical infiltration of 
meteoric water and lack of solute mobility. Considering the similar C f profiles and 
Cl/Cl decay profile at GDH04, groundwater recharge does not appear to be 
occurring in the northern portion of Barmedman Creek catchment.
The complete unsaturated zone solute profile in the southern portion of the catchment 
(GDH03), exhibits a bulge-type C f profile suggesting that preferential flow is 
occurring at this location. This location is characterized by lower proportions of clay 
and silt, and lower C f concentrations than locations GDH04 and GDH05 indicating 
greater permeability and less evapotranspiration of meteoric water. Bomb-pulse 
Cl/Cl ratios were also measured as deep as 4.8 indicating that groundwater recharge 
is occurring at this location. Bomb-pulse waters exhibit C f concentrations from 1,430 
mg/1 to 2,440 mg/1 indicating a high degree of solute mobility at this location. This 
demonstrates that unsaturated zone solute stores are a significant solute source to 
regional groundwater.
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6.1.2 Saturated Zone
Major elements concentrations in groundwater increase along the south to north 
hydraulic gradient. Cl’, Br" and S O 4 2’ exhibit the most systematic increases suggesting 
they are the more ideal hydrogeochemical tracers for assessing flow related processes. 
C1‘ concentrations in groundwater increase from 5,492 mg/1 to 16,514 mg/1, Br' from 
21.8 mg/1 to 58.5 mg/1 and S O 4 2" from 499.0 mg/1 to 4,159.3 mg/1. 36C1/C1 ratios 
decrease from 136xl0'15 to 74xl0"15. Saturated zone pore water profiles in the 
southern portion (GDH03) and northern portion (GDH04) of the study area exhibit Cl" 
concentrations ranging from 4,330 mg/1 to 19,700 mg/1, Br" from 11.8 mg/1 to 66.8 
mg/1 and S O 4 2" from 892.0 mg/1 to 4540.0 mg/1. Pore waters at GDH03 exhibit Cl" 
concentrations up to 6,900 mg/1 greater than in groundwater sampled from the same 
hydrogeologic unit indicating a significant saturated zone solute store within the 
Barmedman Creek aquifer system. Pore waters exhibit Br" concentrations up to 17.6 
mg/1 greater than groundwater. Pore water S O 4 2" concentrations are up to 2,261 mg/1 
greater than in groundwater. These pore waters also exhibit 36C1/C1 ratios as low as 
half that measured in groundwater. Pore waters at GDH04 exhibit similar Cl", Br" and 
S 042" concentrations, and similar 36C1/C1 ratios as groundwater.
The observed increase in Cl", Br" and S O 4  ' concentrations and decrease in Cl/Cl 
ratios along the flow path can be attributed to mixing between older more saline pore 
water residing in lower permeability units within the aquifer and younger less saline 
groundwater. The older more saline pore waters exhibit lower Br/Cl ratios and higher 
S O 4 /C I  ratios than groundwater. This suggests that pore waters were subjected to 
different geochemical processes than modem groundwater and the different 
compositions possibly reflect palaeo-climate conditions different than present day.
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Mixing between these pore waters and groundwater causes the Br/Cl ratios to 
decrease and SO4/CI ratios to increase along the flow path. Eventually this flow 
related process leads to a groundwater composition similar to pore water composition 
at the distal end of the aquifer system.
Isotopic decay accounts for only a minor decrease in the Cl/Cl ratios along the flow 
path. “Age mixing” between pore water and groundwater accounts for most of the 
observed decrease. Numerical mixing models were constructed using end member 
compositions of pore waters and groundwater to simulate this affect. Mixing between 
the highest ratio groundwater and lowest ratio pore water could not account for the 
total observed decrease. The difference represents the fraction of isotopic decay that 
occurs along the flow path. Corrected flow ages for groundwater in the Barmedman 
Creek aquifer were between 50,000 and 70,000 years, compared to uncorrected flow 
ages of 237,000 to 265,000 years. The corrected flow ages are in better agreement 
with the Darcy flow age of 65,000 years. In this time, groundwater has evolved from a 
fresh rainwater source to a marine-like chemistry having TDS values of ~94% 
seawater.
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7 CONCLUSIONS
Within semi-arid environments of Australia there is a fundamental lack of 
understanding of (a) the processes that change the relative solute proportions in 
rainwater to groundwater, (b) the timeframes of solute accumulation in the 
unsaturated zone and saturated zones, and (c) the nature and mobility of subsurface 
solute stores. Understanding the origin, distribution and mobility of solutes is 
fundamental for predicting and managing secondary salinization.
Combined hydrogeological and hydrogeochemical techniques were applied in a 
highly heterogeneous saline aquifer system in central New South Wales, Australia to 
address the current lack of understandings of salinised landscapes. The chemical 
composition, stable isotopic composition, and radiogenic isotopic composition of 
rainwater, pore waters, and groundwater, and their relationship to the physical and 
chemical characteristics of the regolith, were considered to understand the 
mechanisms controlling the evolution of groundwater from a fresh rainwater source to 
salinity values approaching that of seawater. Furthermore, the combined 
interpretations of major/minor element chemistry and stable/radiogenic isotope 
compositions of soil pore water and groundwater provided a means for quantitatively 
assessing accumulation timeframes and mobility o f solutes in a highly variable 
regolith stratigraphy.
The chemical composition of pore waters extracted from two diamond cores 
dissecting an ~ 8 m unsaturated zone, as well as 4 shallow (< 3 m) push cores, 
allowed for interpretations of the geochemical and biogeochemical processes
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controlling the chemical evolution of rainwater to groundwater during groundwater 
recharge. Meteoric water represents the dominant solute source to this system; 
however, local meteoric water exhibits unique chemical and isotopic compositions 
compared to groundwater. Evapotranspiration was found to be the dominant solute 
concentrating mechanism while nutrient cycling was the dominant processes 
responsible for changing the relative solute proportions of meteoric water to those 
measured in groundwater. Nutrient uptake by plants removes up to half the solutes 
deposited by rainwater, while non-growth limiting solutes pass through the root zone 
and eventually recharge groundwater. Evidence for biogeochemical processes such as 
organic adsorption of bromide and bioassimilation of sulfate were encountered within 
the upper 1 metre at all locations. Cation exchange and mineral weathering are only 
minor processes and no evidence was found for evaporative mineral dissolution (i.e., 
halite or gypsum). At all sampling locations unsaturated zone geochemical and 
biogeochemical processes account for the differences in element to chloride ratios of 
rainwater and groundwater. If evapotranspiration alone were controlling the chemical 
evolution of recharge waters, groundwater salinities would be twice as high as 
measured in groundwater in the recharge zone. Results from this study provide 
insight towards understanding the processes responsible for the commonly observed 
discrepancies between rainwater and groundwater compositions throughout the world.
Cl', Br' and Cl/Cl distributions in the unsaturated zone were measured at three 
locations to understand better the timeframes of solute accumulation and solute 
mobility. At all locations, Cl' and Br/Cl data indicate that pore waters had not 
dissolved halite and that meteoric water is the principle source of Cl' in the catchment 
study area. Cl' and Br/Cl depth profiles indicate large variations in unsaturated zone
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solute dynamics between the locations. Cl’ profiles indicate a high degree of solute 
mobility occurs proximal to the recharge zone while little to no vertical solute 
movement occurs in the distal portion of the study area. This is supported by the 
presence of “bomb-pulse” 36C1 in saline (Cf > 2,000 mg/1) pore waters between 3 and
o r
5 metres depth in the proximal portion of the study area and a Cl/Cl decay profile 
representing over 200,000 yrs of isotopic decay in distal portion of the study area. The 
Cl data confirm that the elevated C f concentrations in the unsaturated zone at all 
locations represent extremely long-term (105 yrs) meteoric deposition. The data 
demonstrate low solute mobility (10~5 m/yr) and a lack of groundwater recharge 
occurring in the distal portion of the catchment area. Chloride mass balance calculated 
recharge rates based on present day C f deposition rates and C f concentrations of 
unsaturated zone pore waters are equivalent to those calculated from the Cl/Cl decay 
profile. This suggests that average long-term C f deposition rates are similar to present 
day. Furthermore, 3°C1/C1 results of near surface (>1.0 m) unsaturated zone pore water 
suggest that present day 36C1/C1 ratios of meteoric water (~380xl0'15) are more than 
two times greater than meteoric ratios over the last several thousand years (-150 to 
160x10' ). Further research of unsaturated zone C f and Cl distribution may prove 
useful for understanding long-term C f and 36C1 deposition and prove a valuable tool 
for assessing palaeoclimatic conditions on a catchment scale.
Results of saturated zone pore fluid chemistry from two diamond cores allowed for 
determining subsurface solute and 36C1 distributions in a highly heterogeneous aquifer 
system. This provided a means for determining mixing endmember compositions and 
quantitative assessment of mixing between different hydrogeological units. Observed 
increases in groundwater salinity, changes in major element to chloride ratios and
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decreases in 36C1/C1 ratios along the flow path are the result of mixing between older 
more saline pore waters and younger less saline groundwater. The availability of 
saturated zone 36C1/C1 profiles allowed for the effects of age mixing to be reasonably 
well quantified and corrected flow ages were estimated for this system. Without this 
knowledge, the effects of age mixing would have produced overestimation of 
apparent flow ages by up to 180,000 yrs. Results from this study provide an example 
for future studies of how to overcome the limitations of using Cl as a potential 
groundwater dating tool.
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APPENDIX 1: CHAPTER 4 RESULTS
Results of laser grain size analyses, moisture contents, and major element composition of soil pore water 
samples from four locations in Barmedman Creek catchment, central New South Wales, Australia. Results are 
discussed in Chapter 4. Depths reported in metres below ground surface. Raw data of element concentrations 
are reported in mg/1. Element data are accurate to 3 significant figures. Moisture content reported as percent 
water lost at 110° C from wet soil.
S a m p le  ID D e p th % M o is tu r e % C la y % S i l t % S a n d C l B r F NOj P O . s o . S i C a M r N a K.
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G D H 0 3 0 .0 7 8 9 .2 4 3 .0 4 7 .8 5 2 .6 9 0 .1 8 0 .4 7 2 7 4 4 .5 9 0 .0 6 7 2 .9 7 7 4 .3 6 5 9 8 .5 7 1 6 2 .6 4 4 .9 6 2 7 .3 1
G D H 0 3 0 .0 9 7 6 .4 4 0 .9 5 2 .7 6 6 .6 7 0 .1 9 1 .0 3 2 3 6 5 .6 6 0 .0 0 1 2 2 .1 2 6 0 .4 8 4 3 7 .2 5 1 1 8 .3 9 1 2 8 .4 4 4 5 .9 2
G D H 0 3 0 .1 1 7 n m n m n m 7 1 .6 8 0 .3 9 1 .5 2 2 2 4 2 .5 9 0 .1 7 1 4 2 .4 1 8 3 .7 1 3 0 9 .3 2 1 3 2 .1 6 1 5 6 .7 5 4 5 .4 0
G D H 0 3 0 .1 4 7 n m n m n m 9 4 .0 7 0 .4 7 1 .41 1 1 7 6 .0 0 1 .41 1 0 4 .2 5 9 3 .2 1 8 1 .4 9 9 0 .7 7 1 5 4 .3 0 4 9 .4 3
G D H 0 3 0 .1 7 6 9 .8 4 5 .4 4 4 .7 9 5 .6 1 0 .4 3 1 .3 3 8 4 2 .9 2 b d 6 6 .2 7 8 2 .0 2 4 8 .3 6 6 3 .8 3 1 4 3 .9 7 5 2 .9 9
G D H 0 3 0 .2 0 7 6.2 3 8 .1 5 5 .7 1 0 6 .1 3 0 .4 8 1 .0 5 6 4 5 .2 3 0 .0 3 5 5 .3 8 6 8 .3 1 2 8 .2 0 5 6 .6 8 1 3 4 .7 6 5 1 .6 4
G D H 0 3 0 .2 3 7 n m n m n m 1 1 9 .4 6 0 .4 8 0 .8 3 5 1 7 .8 5 b d 4 1 .3 1 5 5 .6 7 2 2 .6 2 5 2 .3 5 1 2 6 .1 5 4 9 .6 8
G D H 0 3 0 .2 5 7 n m n m n m 1 3 0 .3 0 0 .5 2 1 .0 0 4 5 0 .7 3 0 .0 3 3 5 .9 9 3 9 .0 7 1 4 .2 2 4 8 .0 6 1 2 3 .6 4 3 6 .6 9
G D H 0 3 0 .2 7 7 n m n m n m 1 3 4 .9 3 0 .4 7 1 .0 4 4 2 2 .7 0 b d 4 2 .7 2 3 7 .6 3 1 2 .5 3 4 5 .0 6 1 4 5 .0 6 3 2 .7 0
G D H 0 3 0 .2 9 7 n m n m n m 1 5 9 .6 6 0 .5 6 1 .2 9 3 9 5 .3 5 b d 3 0 .0 3 3 9 .5 2 1 0 .0 6 4 0 .3 2 1 6 2 .4 8 2 7 .2 7
G D H 0 3 0 .3 2 7 n m n m n m 2 4 0 .7 3 0 .8 2 0 .7 4 3 5 1 .4 6 0 .0 4 5 2 .8 6 6 0 .2 2 1 0 .7 4 2 6 .3 8 2 5 8 .7 9 1 7 .9 7
G D H 0 3 0 .3 5 10 8 .0 4 3 .5 4 8 .5 3 0 3 .6 9 1 .1 4 1 .4 5 3 2 6 .5 3 0 .0 5 1 2 0 .7 9 7 3 .2 3 1 8 .5 8 3 2 .3 3 2 5 2 .7 0 2 0 .3 1
G D H 0 3 0 .4 0 11 n m n m n m 5 5 5 .5 2 1 .7 4 1 .3 4 3 0 0 .8 0 0 .0 7 9 7 .1 9 5 3 .5 0 2 6 .4 6 4 3 .0 5 4 6 6 .9 5 2 6 .3 5
G D H 0 3 0 .4 5 13 n m n m n m 4 3 4 .7 6 2 .4 9 b d 1 5 9 .5 5 0 .0 5 1 6 .5 8 4 2 .0 7 1 4 .4 0 3 0 .7 0 2 4 2 .3 0 6 .4 9
G D H 0 3 0 .5 0 13 n m n m n m 5 4 8 .1 1 4 .0 3 bd 1 0 7 .0 4 0 .0 5 2 9 .8 4 3 3 .2 8 1 4 .0 4 4 2 .3 4 2 6 0 .5 3 4 .8 3
G D H 0 3 0 .5 5 12 n m n m n m 6 9 3 .9 9 5 .5 1 bd 8 1 .6 5 0 .0 6 5 7 .5 0 2 4 .6 6 2 3 .0 6 5 3 .9 4 3 2 2 .0 9 6 .3 1
G D H 0 3 0 .6 0 11 1 4 .0 4 7 .1 3 8 .9 7 5 9 .0 3 4 .2 0 7 .4 8 1 2 4 0 7 .1 5 b d 1 1 9 6 .9 2 7 2 0 .6 2 1 5 1 7 .0 5 9 7 1 .6 3 1 4 1 5 .4 4 3 5 7 .3 2
G D H 0 3 0 .7 0 10 n m n m n m 1 0 0 5 .3 8 8 .7 2 0 .0 0 8 1 .8 5 bd 9 5 .9 5 4 7 .1 4 5 0 .8 5 8 9 .8 3 4 2 4 .9 4 1 0 .3 2
G D H 0 3 0 .8 0 8 n m n m n m n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 0 .9 0 5 n m n m n m n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 1 .0 0 6 1 2 .2 4 5 .4 4 2 .5 1 4 3 0 .4 4 8 .1 3 0 .6 4 7 8 0 .0 7 0 .1 1 9 7 .2 8 n m n m n m n m n m
G D H 0 3 1 .1 5 5 n m n m n m n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 1 .3 0 5 n m n m n m n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 1 .5 0 7 1 3 .4 5 0 .4 3 6 .2 2 3 5 1 .0 2 1 0 .4 3 1 .0 7 5 5 8 .9 3 0 .1 3 1 0 0 .7 3 n m n m n m n m n m
G D H 0 3 1 .6 0 11 n m n m n m n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 1 .7 5 12 n m n m n m n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 1 .9 0 14 n m n m n m 6 5 6 8 .0 5 2 0 .0 0 0 .4 5 3 3 .6 3 0 .0 0 2 0 8 .1 5 2 8 .5 8 5 3 5 .6 0 7 1 8 .8 4 2 1 3 5 .4 8 3 4 .4 8
G D H 0 3 2 .0 5 9 n m n m n m 3 7 8 0 .0 0 1 6 .8 0 bd 6 2 4 .0 0 bd 5 3 3 .0 0 1 3 .1 0 7 7 .5 0 3 1 8 .0 0 1 7 9 0 .0 0 3 6 .9 0
G D H 0 3 2 .2 5 n m 1 5 .0 4 9 .3 3 5 .7 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 2 .5 0 n m 1 6 .4 5 4 .6 2 9 .1 4 3 4 8 .7 4 1 7 .0 6 1.61 8 3 .6 7 0 .2 3 1 7 2 .4 2 n m n m n m n m n m
G D H 0 3 2 .7 5 n m 7 .8 3 8 .7 5 3 .5 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 3 .0 0 1 3 .1 1 4 .0 5 3 .5 3 2 .4 2 4 4 0 .0 0 1 2 .3 0 bd 1 0 0 .0 0 bd 5 3 7 .0 0 n m n m n m n m n m
G D H 0 3 3 .2 5 n m 10.1 6 2 .7 2 7 .2 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 3 .5 0 n m 2 0 .5 7 2 .0 7 .5 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 3 .7 5 n m 1 7 .3 6 6 .5 16.1 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 4 .0 0 n m 1 8 .7 5 9 .2 2 2 .0 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 4 .2 5 1 4 .5 1 7 .9 5 1 .4 3 0 .7 2 4 3 0 .0 0 1 1 .4 0 bd 9 3 .0 0 bd 4 3 1 .0 0 n m n m n m n m n m
G D H 0 3 4  5 0 n m 16 8 4 6  5 3 6 .7 n m n m n m tu n cun n m n m n m n m t m car .
G D H 0 3 4 .8 0 13 1 3 .9 3 8 .9 4 7 .2 2 1 5 0 .0 0 1 0 .3 0 b d 4 1 .5 0 bd 4 2 7 .0 0 n m n m n m n m n m
G D H 0 3 5 .0 0 n m 7 .5 2 5 .1 6 7 .5 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 5 .2 5 n m 1 7 .2 5 5 .5 2 7 .2 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 5 .5 0 n m 18.1 6 7 .1 1 4 .8 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 6 .0 0 n m 15.1 5 6 .7 2 8 .2 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 6 .4 0 1 5 .6 1 5 .9 4 6 .3 3 7 .8 5 0 9 0 .0 0 1 7 .9 0 bd 3 2 .0 0 bd 1 0 2 0 .0 0 3 2 .5 0 4 1 .7 0 4 0 7 .0 0 3 2 1 0 .0 0 1 3 .5 0
G D H 0 3 7 .0 0 n m 1 2 .2 5 4 .1 3 3 .6 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 3 7 .4 0 1 4 .9 7 .0 4 5 .5 4 7 .4 6 0 1 0 .0 0 1 8 .9 0 bd 5 .0 0 bd 9 9 7 .0 0 2 4 .4 0 6 0 .1 0 5 3 8 .0 0 3 6 7 0 .0 0 3 2 .6 0
G D H 0 3 8 .0 0 1 3 .6 8 .9 4 0 .3 5 0 .8 6 7 6 0 .0 0 2 3 .6 0 b d 0 .0 0 b d 1 3 4 0 .0 0 3 5 .7 0 6 3 .0 0 4 5 3 .0 0 3 9 2 0 .0 0 1 1 .7 0
G D H 0 3 8 .6 5 1 4 .3 6 .4 4 9 .9 4 3 .6 5 0 9 0 .0 0 1 6 .9 0 bd 0 .0 0 bd 8 9 2 .0 0 1 3 .8 0 5 0 .0 0 2 8 5 .0 0 3 2 8 0 .0 0 9 .9 2
G D H 0 3 8 .8 0 n m n m n m n m 3 7 4 0 .0 0 1 1 .9 0 b d 4 .8 0 bd 5 4 4 .0 0 1 2 .7 0 4 1 .5 0 2 6 6 .0 0 2 5 8 0 .0 0 1 2 .0 0
G D H 0 3 9 .0 0 n m 6 .7 3 0 .9 6 2 .4 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 4 0 .0 1 1 2 .5 0 2 1 .1 4 4 .4 3 4 .5 4 3 8 .9 9 0 .5 6 0 .2 9 2 8 9 6 .8 4 0 .0 9 8 1 .3 4 6 4 .0 0 5 9 0 .8 0 2 9 3 .1 1 2 9 0 .8 7 1 1 6 .3 0
G D H 0 4 0 .0 3 1 3 .0 1 1 4 .5 5 3 .4 3 2 .1 4 7 0 .8 0 0 .8 5 0 .0 7 2 4 5 4 .4 9 b d 5 5 .1 5 4 9 .6 1 4 4 4 .8 9 2 5 4 .3 5 2 6 1 .7 8 8 0 .6 7
G D H 0 4 0 .0 5 1 4 .7 1 n m n m n m 4 8 2 .1 2 1 .2 3 0 .0 9 2 2 4 4 .5 1 2 .6 0 6 0 .7 6 4 3 .6 9 3 7 4 .9 9 2 5 2 .1 9 2 1 8 .8 8 5 2 .4 5
G D H 0 4 0 .0 7 1 5 .9 9 1 8 .8 4 4 .3 3 6 .9 5 0 2 .2 9 1 .5 4 0 .0 6 2 0 0 7 .9 0 bd 6 3 .4 2 3 3 .7 9 2 9 6 .5 5 2 6 1 .8 1 2 1 5 .2 0 2 3 .9 6
G D H 0 4 0 .0 9 1 7 .5 0 1 9 .7 4 5 .4 3 4 .9 5 3 2 .2 5 1 .7 9 b d 1 7 9 8 .6 7 0 .1 6 7 5 .9 7 2 5 .9 6 2 6 2 .3 5 2 3 9 .0 7 2 4 5 .7 3 2 6 .8 9
G D H 0 4 0 .1 1 1 8 .2 4 n m n m n m 5 5 7 .3 8 1 .8 8 0 .1 0 1 6 0 5 .1 7 b d 8 7 .0 4 2 1 .7 5 2 4 5 .3 7 2 3 7 .0 2 2 5 2 .3 1 1 6 .0 2
G D H 0 4 0 .1 3 1 7 .2 2 2 2 .6 4 1 .7 3 5 .7 5 9 9 .6 4 2 .3 4 0 .1 3 1 5 0 6 .7 9 0 .1 3 9 5 .9 1 1 8 .5 2 2 4 0 .3 4 2 2 1 .4 6 2 5 9 .0 4 1 7 .1 0
G D H 0 4 0 .1 5 1 7 .9 0 n m n m n m 6 5 7 .1 7 2 .6 8 0 .1 5 1 4 5 5 .1 0 0 .1 5 1 0 1 .1 4 1 7 .8 8 2 4 9 .5 5 2 2 2 .1 1 3 1 0 .8 0 2 7 .3 1
G D H 0 4 0 .1 7 1 6 .5 6 n m n m n m 7 3 4 .3 7 3 .1 8 bd 1 3 8 6 .0 9 0 .2 0 1 0 5 .1 1 1 5 .4 0 2 4 2 .7 8 2 3 2 .3 1 2 8 0 .3 8 1 4 .3 7
G D H 0 4 0 .1 9 1 7 .4 8 n m n m n m 1 8 3 7 .7 7 7 .5 1 bd 1 0 5 5 .7 5 0 .2 7 1 0 9 .6 5 1 1 .9 2 3 7 2 .2 2 3 3 9 .3 2 4 9 6 .1 6 2 5 .6 0
G D H 0 4 0 .2 1 1 8 .2 2 2 1 .8 5 1 .7 2 6 .4 3 7 4 9 .5 7 1 5 .4 5 b d 6 2 2 .7 0 0 .2 6 1 0 3 .9 6 9 .2 1 5 2 6 .5 5 4 9 7 .6 1 1 0 5 6 .7 1 3 0 .5 7
G D H 0 4 0 .2 3 1 6 .5 4 n m n m n m 4 0 0 8 .5 5 1 6 .5 2 bd 6 3 3 .4 4 b d 3 2 6 .6 8 8 .1 1 5 3 4 .1 0 5 2 6 .2 6 1 1 1 0 .9 0 2 5 .9 4
G D H 0 4 0 .2 5 1 6 .9 3 n m n m n m 4 2 2 8 .9 3 1 6 .9 7 0 .2 5 6 4 4 .2 9 0 .2 5 1 4 7 .4 0 7 .1 9 5 3 7 .8 7 5 7 1 .8 9 1 1 7 5 .1 8 1 9 .6 5
G D H 0 4 0 .2 7 1 7 .1 6 n m n m n m 4 3 2 7 .0 5 1 7 .7 1 bd 6 3 4 .5 8 0 .5 1 1 7 8 .4 1 8 .1 3 5 5 2 .6 6 5 9 0 .0 9 1 2 3 8 .5 3 2 8 .1 8
G D H 0 4 0 .2 9 1 7 .1 6 n m n m n m 4 5 8 7 .3 7 1 8 .2 4 b d 6 4 0 .9 9 0 .2 7 2 1 4 .2 1 7 .9 4 5 4 6 .0 3 6 2 1 .6 9 1 3 3 2 .2 3 2 6 .9 5
G D H 0 4 0 .3 5 1 6 .2 9 1 6 .8 6 0 .3 2 2 .8 5 4 9 2 .1 2 2 2 .0 4 0 .6 2 6 7 6 .3 9 0 .3 1 4 1 0 .3 6 7 .5 1 5 4 5 .6 1 7 9 3 .2 6 1 8 0 7 .7 2 2 3 .4 4
G D H 0 4 0 .4 0 1 6 .6 1 n m n m n m 8 1 5 1 .0 7 3 0 .3 5 0 .3 7 1 0 4 .5 8 0 .3 7 8 0 7 .7 2 6 .8 8 6 3 4 .2 2 1 1 3 7 .0 3 2 5 5 6 .9 9 1 3 .1 6
G D H 0 4 0 .4 5 1 4 .9 6 n m n m n m 8 7 2 3 .3 5 3 2 .8 4 0 .7 7 1 0 0 .0 6 0 .3 9 1 0 7 1 .6 3 6 .4 4 6 5 9 .3 2 1 2 9 3 .5 3 2 5 8 5 .4 0 1 2 .3 2
G D H 0 4 0 .5 0 1 3 .7 1 1 3 .9 6 4 .6 2 1 .4 9 3 2 3 .1 9 3 4 .1 8 0 .7 9 8 7 .8 5 0 .4 0 1 3 3 2 .7 9 6 .4 4 6 7 7 .5 3 1 4 2 0 .9 2 2 7 3 1 .9 3 9 .2 1
G D H 0 4 0 .5 5 1 4 .0 9 n m n m n m 9 8 6 4 .3 1 3 6 .1 6 1 .2 6 7 5 .2 6 0 .4 2 1 4 9 8 .5 7 6 .0 5 6 7 5 .3 6 1 4 1 2 .8 3 3 1 7 3 .6 9 1 4 .5 5
G D H 0 4 0 .6 0 1 2 .5 3 1 4 .8 5 6 .0 2 9 .2 1 0 1 2 1 .6 0 3 7 .4 9 0 .8 6 5 6 .8 8 1 .2 9 1 6 5 3 .9 0 7 .0 0 6 7 3 .7 1 1 5 6 1 .4 6 3 1 7 2 .5 2 1 0 .1 8
G D H 0 4 0 .7 4 1 3 .8 4 n m n m n m 9 9 5 1 .4 5 3 5 .9 8 0 .8 5 3 0 .4 8 0 .4 2 2 0 0 2 .3 1 8 .5 4 6 1 9 .0 2 1 5 2 2 .6 5 3 2 9 3 .6 5 1 5 .5 2
G D H 0 4 0 .8 0 1 3 .7 6 11.1 7 1 .6 1 7 .3 1 0 4 2 9 .2 7 3 8 .0 3 0 .8 7 2 4 .9 2 0 .4 4 2 1 1 9 .6 0 9 .7 0 6 3 2 .4 7 1 5 0 8 .2 9 3 4 9 2 .6 8 3 4 .9 8
G D H 0 4 0 .9 0 1 3 .7 9 n m n m n m 9 9 4 4 .5 7 3 5 .5 2 1 .3 3 2 7 .9 7 0 .4 4 2 1 1 9 .4 4 7 .7 2 6 1 8 .2 5 1 5 0 7 .6 2 3 6 7 6 .3 8 1 1 .0 2
G D H 0 4 1 .0 0 1 4 .7 5 8 .5 6 4 .0 2 7 .5 9 4 9 2 .8 3 3 3 .5 7 0 .9 0 2 3 .7 2 b d 2 1 4 9 .5 1 9 .1 3 5 8 3 .3 5 1 4 3 3 .9 3 3 6 5 5 .5 0 1 2 .9 8
G D H 0 4 1 .1 5 1 3 .5 4 n m n m n m 9 5 5 5 .5 0 3 1 .7 8 0 .9 0 2 4 .1 7 0 .4 5 2 2 0 0 .9 8 1 0 .1 5 5 9 3 .5 1 1 5 2 2 .8 3 3 6 0 5 .9 5 1 6 .4 3
G D H 0 4 1 .3 0 1 3 .9 4 n m n m n m 9 6 8 1 .3 4 3 3 .5 2 0 .9 1 1 5 .4 0 0 .4 5 2 1 3 0 .8 7 9 .2 8 5 6 8 .1 0 1 4 0 9 .3 9 3 6 8 9 .1 2 1 2 .9 2
G D H 0 4 1 .4 5 1 3 .2 5 1 6 .6 5 2 .0 3 1 .4 1 0 3 8 8 .4 4 3 5 .4 8 0 .9 1 2 0 .9 2 0 .4 5 2 2 2 3 .8 8 1 6 .0 0 5 8 2 .9 7 1 4 7 9 .6 2 4 6 0 1 .0 6 2 1 .7 1
G D H 0 4 1 .6 0 1 2 .3 5 n m n m n m 9 6 8 0 .8 3 3 1 .6 4 0 .8 8 3 1 .2 0 0 .4 4 2 0 4 8 .2 2 1 1 .4 6 5 5 2 .5 5 1 4 0 1 .7 7 4 0 4 8 .2 8 2 7 .8 3
G D H 0 4 1 .7 5 1 2 .2 3 n m n m n m 9 2 6 5 .4 8 3 0 .1 3 1 .3 9 2 5 .0 3 0 .4 6 1 9 9 4 .3 6 1 1 .5 5 5 0 5 .5 2 1 3 0 2 .5 2 3 6 4 5 .4 7 1 3 .8 3
G D H 0 4 1 .9 0 1 2 .4 3 n m n m n m 9 4 7 6 .9 5 3 1 .5 2 0 .9 8 1 8 .7 1 0 .4 9 1 9 0 2 .9 8 1 1 .5 5 4 8 2 .0 8 1 1 4 6 .4 6 4 0 5 8 .3 5 2 4 .4 2
G D H 0 4 2 .0 5 1 0 .6 5 n m n m n m 1 2 6 5 8 .5 6 4 0 .4 6 1 .1 2 4 0 .4 6 0 .5 6 2 5 5 3 .4 0 1 7 .3 9 7 2 3 .8 2 1 8 4 5 .6 0 4 9 1 1 .0 9 2 2 .1 9
bd = below detection limit (.01 mg/L) 
nm = not measured
194
(Appendix 1 continued)
S a m p le  ID D e p th % M o is tu r e % C la v % S i l t % S a n d C l B r F N O , P O , s o . SI C a M r N a K
G D H 0 4 2 .2 0 11.00 1 4 .4 6 1 .8 2 3 .8 1 0 6 7 2 .3 4 3 5 .3 7 b d 8 .8 4 b d 2 0 1 9 .1 3 2 1 .4 1 5 0 3 .4 3 1 2 2 1 .8 1 4 6 4 5 .0 2 4 2 .8 2
G D H 0 4 2 .4 0 7 .9 5 6 .0 6 6 .0 2 8 .0 1 0 5 5 7 .8 4 3 2 .4 6 0 .9 8 9 .3 4 0 .9 8 1 8 4 2 .4 3 4 0 .4 9 4 6 8 .5 2 1 1 9 2 .7 1 4 3 6 6 .9 5 3 6 .2 4
G D H 0 4 2 .7 5 n m 5.1 4 9 .0 4 6 .0 n m n m n m n m n m n m n m n m n m n m n m
G D H 0 4 3 .0 0 n m 1 0 .4 4 0 .3 4 9 .3 8 5 1 0 .0 0 2 9 .5 0 b d 7 3 .5 0 b d 2 4 0 0 .0 0 4 2 .9 0 2 5 9 .0 0 1 0 7 0 .0 0 4 0 6 0 .0 0 1 7 .5 2
G D H 0 4 3 .5 0 n m 1 5 .7 4 2 .7 4 1 .6 7 7 3 0 .0 0 2 6 .4 0 b d 7 1 .0 0 b d 2 1 1 0 .0 0 5 4 .9 0 2 2 1 .0 0 1 0 9 0 .0 0 3 3 2 0 .0 0 8 .6 1
G D H 0 4 4 .0 0 n m 2 8 .7 4 9 .6 2 1 .7 7 2 2 0 .0 0 2 2 .2 0 b d 6 2 .2 0 b d 2 0 9 0 .0 0 5 4 .0 0 1 8 4 .0 0 9 1 7 .0 0 3 1 7 0 .0 0 5 .6 2
G D H 0 4 4 .5 0 n m 2 9 .7 4 3 .7 2 6 .6 6 3 0 0 .0 0 1 7 .7 0 b d 5 4 .8 0 b d 1 4 4 0 .0 0 3 9 .0 5 1 2 8 .0 0 5 6 8 .0 0 3 3 3 0 .0 0 1 1 .0 5
G D H 0 4 5 .0 0 n m 1 0 .6 5 9 .5 2 9 .8 6 9 2 0 .0 0 1 9 .5 0 b d 5 6 .9 0 b d 1 5 2 0 .0 0 3 4 .1 9 1 3 4 .0 0 6 1 1 .0 0 3 3 3 0 .0 0 1 5 .0 4
G D H 0 4 5 .5 0 n m 5 .3 5 3 .4 4 1 .2 8 6 8 0 .0 0 2 5 .8 0 b d 5 0 .1 0 b d 1 7 1 0 .0 0 4 6 .6 1 1 7 5 .0 0 8 4 8 .0 0 4 2 9 0 .0 0 1 6 .2 1
G D H 0 4 6 .0 0 n m 5 .3 4 5 .6 4 9 .2 8 7 1 0 .0 0 2 4 .3 0 b d 4 1 .3 0 b d 1 9 1 0 .0 0 3 5 .6 0 2 0 2 .0 0 7 4 6 .0 0 4 4 7 0 .0 0 1 9 .3 0
G D H 0 4 6 .1 0 n m n m n m n m 7 5 1 0 .0 0 2 4 .3 0 b d 8 .9 9 b d 1 6 0 0 .0 0 3 5 .3 0 1 6 4 .0 0 5 9 0 .0 0 3 8 9 0 .0 0 2 0 .9 9
G D H 0 4 7 .0 0 n m 4 .6 4 7 .4 4 8 .0 1 1 9 0 0 .0 0 3 4 .6 0 b d b d b d 2 8 2 0 .0 0 4 8 .9 0 3 2 4 .0 0 1 2 8 0 .0 0 5 8 0 0 .0 0 2 4 .2 0
G D H 0 4 7 .6 0 n m 2 8 .6 4 8 .9 2 2 .5 9 8 5 0 .0 0 2 7 .6 0 b d 2 .9 0 b d 2 6 1 0 .0 0 4 9 .3 0 2 5 9 .0 0 1 0 9 0 .0 0 4 8 5 0 .0 0 1 5 .1 0
G D H 0 4 8 .0 0 n m 2 5 .4 6 7 .0 7 .6 1 1 8 0 0 .0 0 2 7 .4 0 b d b d b d 3 1 7 0 .0 0 4 7 .6 0 3 7 3 .0 0 1 5 5 0 .0 0 5 6 2 0 .0 0 1 6 .4 0
G D H 0 4 8 .5 0 n m 3 4 .4 5 4 .6 11.1 1 3 3 0 0 .0 0 3 0 .9 0 b d b d b d 3 5 6 0 .0 0 4 4 .8 0 3 8 7 .0 0 1 6 2 0 .0 0 5 7 5 0 .0 0 1 8 .2 0
G D H 0 4 9 .0 0 n m 4 6 .5 3 5 .2 1 8 .2 1 3 4 0 0 .0 0 3 4 .2 0 b d b d b d 3 9 4 0 .0 0 3 5 .8 0 4 4 7 .0 0 1 7 5 0 .0 0 6 0 1 0 .0 0 1 3 .2 0
B G M R 0 .0 1 2 0 .0 3 9 .5 7 4 .9 1 5 .6 1 1 0 .8 4 0 .1 8 0 .0 2 1 4 5 2 .4 3 b d 1 9 .6 1 3 5 .3 7 3 4 1 .4 3 9 0 .8 3 2 8 .8 9 7 9 .1 8
B G M R 0 .0 3 1 5 .0 8 1 2 .0 7 4 .2 1 3 .8 1 1 6 .2 5 0 .2 6 0 .0 5 1 3 8 3 .9 8 b d 1 4 .0 5 3 1 .1 7 3 2 5 .3 5 9 2 .0 9 3 1 .0 3 7 8 .5 2
B G M R 0 .0 5 1 3 .3 8 1 2 .4 6 8 .7 1 8 .9 1 3 6 .6 8 0 .4 6 0 .0 7 1 2 3 1 .2 7 b d 8 .7 6 2 5 .7 6 2 8 0 .5 3 8 4 .7 7 3 6 .6 4 7 3 .2 2
B G M R 0 .0 7 1 2 .2 9 6 .2 7 5 .0 1 8 .8 1 6 1 .3 7 0 .6 4 0 .0 3 1 0 7 0 .3 7 b d 3 .6 9 2 1 .9 4 2 3 3 .6 2 7 8 .3 0 5 1 .3 9 6 8 .2 4
B G M R 0 .0 9 1 2 .2 6 n m n m n m 1 9 1 .1 8 0 .8 3 0 .0 3 9 0 4 .4 1 b d 2 .1 3 1 8 .4 9 1 9 6 .1 2 6 9 .2 1 6 6 .6 6 6 0 .0 0
B G M R 0 .1 1 1 2 .8 5 1 0 .2 6 9 .3 2 0 .6 2 2 9 .7 7 1 .0 3 0 .0 3 7 5 0 .4 6 b d 1 .3 8 1 5 .4 2 1 6 4 .6 5 5 9 .5 5 8 8 .5 6 5 3 .8 7
B G M R 0 .1 3 1 3 .3 6 n m n m n m 3 2 5 .1 3 1 .5 2 0 .0 3 4 9 8 .5 8 0 .0 6 1 .4 3 1 4 .3 2 1 3 5 .0 0 4 7 .8 6 1 2 1 .0 9 4 4 .6 4
B G M R 0 .1 5 1 2 .1 5 1 0 .8 7 1 .4 1 7 .9 3 6 0 .1 5 1 .6 9 0 .0 9 4 3 4 .5 1 0 .0 3 1 .41 1 3 .4 6 1 2 1 .9 2 4 1 .5 0 1 4 1 .6 7 3 9 .0 2
B G M R 0 .1 7 1 1 .7 3 n m n m n m 4 2 6 .1 0 2 .0 1 0 .0 3 3 4 3 .8 2 b d 2 .3 0 1 4 .1 2 9 9 .6 8 3 5 .6 6 1 9 7 .5 9 3 3 .8 0
B G M R 0 .1 9 1 2 .3 2 9 .2 7 1 .1 1 9 .7 5 2 3 .3 4 2 .4 1 0 .0 4 2 9 3 .9 6 b d 3 .7 2 1 3 .0 1 8 5 .9 5 3 1 .9 0 2 3 5 .6 3 2 9 .1 3
B G M R 0 .2 1 1 0 .9 0 n m n m n m 6 0 5 .9 5 2 .7 6 0 .0 8 2 2 8 .8 0 0 .0 4 6 .1 2 1 5 .0 3 7 2 .2 8 2 9 .7 5 3 0 1 .2 4 2 3 .2 1
B G M R 0 .2 3 1 0 .2 0 n m n m n m 7 1 4 .3 7 3 .2 5 b d 1 8 7 .7 7 b d 9 .9 5 1 7 .7 8 5 8 .2 7 2 9 .1 3 3 8 0 .5 0 1 7 .2 4
B G M R 0 .2 5 9 .0 7 9 .3 7 1 .0 1 9 .7 8 5 6 .8 9 3 .8 9 0 .0 6 1 4 7 .9 6 b d 1 4 .6 3 2 0 .4 6 5 3 .4 5 2 9 .9 2 4 6 9 .3 5 1 3 .5 3
B G M R 0 .2 7 9 .4 4 n m n m n m 1 0 1 5 .7 3 4 .4 2 0 .0 6 1 2 5 .6 1 b d 2 0 .0 4 2 3 .1 3 4 5 .5 2 3 0 .6 4 5 6 0 .1 9 1 0 .4 2
B G M R 0 .2 9 9 .2 8 8 .4 6 9 .9 2 1 .7 1 1 5 2 .2 6 5 .0 5 b d 1 2 3 .7 3 b d 2 5 .1 0 2 6 .7 6 4 2 .0 0 3 1 .5 3 6 4 5 .3 5 1 0 .3 3
B G M R 0 .3 5 1 4 .2 0 1 0 .2 6 5 .8 2 4 .0 1 1 3 2 .2 9 4 .5 6 b d 2 1 .5 2 b d 2 4 .2 1 5 0 .7 5 2 0 .8 1 2 6 .9 0 7 0 9 .1 2 5 .4 5
B G M R 0 .4 0 1 9 .3 4 1 6 .7 6 0 .1 2 3 .2 1 1 8 0 .6 8 4 .8 4 0 .0 9 4 .9 3 0 .0 9 2 7 .9 4 5 7 .0 4 2 8 .7 1 3 4 .2 7 6 7 7 .2 7 5 .3 0
B G M R 0 .4 5 1 6 .7 5 1 5 .5 6 2 .7 2 1 .8 1 2 9 4 .5 3 5 .3 2 b d 2 .2 3 0 .1 2 4 4 .2 8 1 5 .7 9 3 8 .8 3 4 1 .5 9 6 9 0 .3 2 3 .2 1
B G M R 0 .5 0 1 7 .3 7 1 7 .5 6 1 .7 2 0 .8 2 6 3 1 .6 9 1 1 .7 8 b d 1 2 .0 4 0 .2 6 1 1 0 .9 8 2 4 .1 6 8 7 .3 7 1 1 8 .5 8 1 4 0 1 .5 4 4 .7 5
B G M R 0 .5 5 1 4 .2 5 n m n m n m 3 6 6 5 .6 3 1 6 .3 9 0 .3 1 3 5 .8 8 1 .2 4 1 9 7 .9 7 2 5 .2 5 1 2 9 .0 9 1 7 9 .6 7 1 9 5 9 .1 2 5 .7 5
B G M R 0 .6 0 1 3 .7 4 1 8 .0 6 1 .8 2 0 .2 4 1 4 1 .1 2 1 8 .4 3 0 .6 5 5 3 .9 9 0 .3 2 2 6 1 .8 9 2 1 .5 4 1 5 6 .8 9 2 2 2 .5 0 2 1 1 2 .5 6 5 .3 3
B G M R 0 .7 4 1 3 .9 2 n m n m n m 5 2 1 5 .5 9 2 3 .6 1 0 .3 7 5 6 .9 5 0 .3 7 3 5 7 .4 5 2 0 .0 9 2 6 3 .4 4 3 5 4 .8 1 3 1 4 6 .9 6 7 .9 8
B G M R 0 .8 0 1 1 .0 9 1 7 .7 6 6 .3 16.1 8 4 8 8 .4 4 3 7 .8 0 1 .3 0 1 2 2 .0 8 0 .4 3 6 9 8 .5 7 2 2 .1 9 3 6 1 .0 9 4 4 3 .9 5 4 3 3 7 .3 2 1 5 .1 8
B G M R 0 .9 0 1 1 .9 4 1 7 .5 7 4 .4 8 .0 7 5 1 7 .1 2 3 4 .4 5 0 .4 4 4 0 .1 2 b d 5 7 7 .8 7 2 2 .9 2 3 1 9 .6 2 4 2 2 .0 1 3 7 3 9 .4 1 1 0 .0 9
B G M R 1 .0 0 1 4 .0 2 1 8 .6 7 3 .2 8 .2 1 0 3 5 1 .7 4 4 6 .9 1 0 .5 1 7 1 .8 9 0 .5 1 6 8 6 .2 7 3 3 .3 7 4 1 1 .0 3 4 9 7 .9 9 5 3 3 9 .2 8 2 9 .4 0
B G M R 1 .1 5 1 3 .5 6 1 9 .2 7 4 .1 6 .7 8 4 3 2 .6 8 3 8 .2 4 0 .4 7 4 8 .0 3 0 .4 7 5 1 6 .2 6 2 .2 9 1 9 .3 1 2 6 .9 8 5 6 .4 3 1 .31
B G S F 0 .0 1 1 4 .9 4 6 .2 7 0 .7 2 3 .1 8 .8 5 0 .1 7 0 .0 2 3 6 8 .2 0 1 .5 9 5 .0 7 n m 5 0 .0 1 3 0 .1 4 1 6 .3 0 2 9 .7 6
B G S F 0 .0 3 1 1 .6 0 8 .3 6 5 .6 2 6 .1 9 .8 1 0 .0 6 0 .1 4 2 0 7 .3 6 0 .4 7 2 .4 1 n m 1 9 .8 2 1 5 .2 7 1 2 .7 3 2 4 .2 2
B G S F 0 .0 5 1 0 .4 4 8 .9 7 3 .6 1 7 .5 1 0 .1 5 0 .0 0 0 .1 3 1 3 2 .5 1 0 .3 6 3 .3 3 n m 1 1 .2 8 9 .9 0 1 1 .8 8 2 1 .0 1
B G S F 0 .0 8 8 .7 4 8 .5 6 6 .8 2 4 .7 6 8 .2 1 0 .1 4 0 .2 0 4 5 .8 9 1 4 .8 3 1 9 .7 6 n m 7 .5 8 1 0 .5 9 3 4 .5 3 3 6 .8 0
B G S F 0 .1 2 8 .6 6 9.9 7 3 .0 1 7 .1 1 9 .0 6 0 .0 4 b d 1 3 .6 6 2 .1 6 2 2 .1 9 n m 4 .8 6 3 .9 9 1 7 .1 3 1 6 .5 2
B G S F 0 .1 4 6 .1 2 7 .2 6 9 .7 2 3 .1 1 3 .8 1 0 .0 0 b d 1 3 .5 2 0 .0 0 3 1 .9 0 n m 6 .3 5 4 .1 2 2 4 .0 5 1 2 .9 1
B G S F 0 .1 6 7 .1 2 n m n m n m 2 2 .6 2 0 .0 0 b d 1 9 .3 9 0 .1 9 4 6 .2 0 n m 7 .7 2 5 .9 0 4 1 .1 0 1 3 .8 8
B G S F 0 .1 9 7 .1 8 7 .2 6 7 .0 2 5 .8 2 8 .0 6 0 .0 0 b d 2 2 .4 8 0 .0 0 5 1 .2 9 n m 6 .8 4 8 .2 5 4 7 .0 4 1 1 .8 7
B G S F 0 .2 5 5 .5 8 8 .8 6 6 .7 2 4 .5 4 4 .0 5 0.11 0 .0 5 3 0 .5 2 0 .0 0 5 0 .7 9 n m 7 .8 2 1 0 .8 0 5 1 .5 1 8 .3 3
B G S F 0 .2 7 6 .8 5 n m n m n m 6 6 .5 3 0 .1 7 0 .0 8 3 2 .8 5 0 .0 8 4 9 .7 7 n m 8 .1 8 1 4 .3 9 6 5 .9 6 6 .4 1
B G S F 0 .2 9 6 .8 9 n m n m n m 8 2 .6 7 0 .1 7 0 .0 6 3 5 .9 5 0 .0 0 4 7 .2 5 n m 7 .7 0 1 6 .3 9 7 2 .2 2 4 .7 6
B G S F 0 .3 1 9 .6 8 6 .9 6 9 .5 2 3 .6 1 5 3 .9 8 0 .3 1 0 .0 3 4 4 .4 8 0 .0 3 3 7 .3 0 n m 9 .1 0 2 3 .1 4 1 0 0 .3 7 6 .9 4
B G S F 0 .3 3 8 .4 7 n m n m n m 1 8 4 .8 5 0 .3 1 b d 5 5 .5 8 0 .0 3 3 8 .3 0 n m 5 .9 8 2 4 .8 2 1 2 4 .6 4 3 .7 2
B G S F 0 .3 5 8 .2 7 n m n m n m 2 0 4 .5 1 0 .5 0 b d 6 2 .8 3 0 .0 5 4 1 .1 5 n m 5 .6 8 2 3 .4 6 1 4 6 .2 0 3 .6 6
B G S F 0 .3 7 7 .2 8 7 .5 7 0 .6 2 2 .0 2 3 0 .3 4 0 .5 5 b d 7 1 .1 8 0 .0 0 4 6 .2 0 n m 5 .6 5 2 3 .8 3 1 7 2 .5 5 4 .1 7
B G S F 0 .3 9 7 .1 0 n m n m n m 2 7 8 .9 9 0 .6 8 b d 8 1 .0 3 0 .0 0 5 8 .1 3 n m 7 .3 2 2 1 .9 2 2 2 8 .4 5 5 .7 3
B G S F 0 .4 1 4 .9 4 9 .2 6 7 .8 2 3 .0 3 7 3 .8 6 0 .9 7 b d 1 0 4 .7 2 0 .0 0 6 8 .0 9 n m 1 8 .1 2 2 0 .8 2 2 8 7 .6 4 5 .9 2
B G S F 0 .4 3 5 .5 4 n m n m n m 6 8 5 .7 6 1 .9 9 b d 1 8 5 .7 8 0 .0 0 6 6 .9 5 n m 2 2 .3 1 3 5 .2 9 5 0 8 .4 7 1 1 .1 8
B G S F 0 .4 5 8 .1 1 n m n m n m 7 9 0 .8 4 2 .3 6 b d 2 2 6 .1 8 0 .0 0 6 4 .3 0 n m 1 6 .5 3 3 7 .6 1 6 0 6 .8 9 1 2 .8 0
B G S F 0 .4 7 1 3 .6 6 2 1 .6 6 2 .9 1 5 .4 7 4 4 .1 9 2 .2 7 b d 2 2 5 .2 5 0 .0 9 5 7 .2 8 n m 1 5 .8 7 3 5 .9 0 6 2 7 .4 4 1 1 .1 9
B G S F 0 .4 9 1 4 .4 6 n m n m n m 9 2 3 .9 3 2 .7 9 b d 2 8 0 .5 0 1 .1 0 7 2 .0 7 n m 2 1 .7 3 5 4 .0 1 6 6 4 .6 0 1 2 .2 6
B G S F 0 .5 1 1 5 .8 4 n m n m n m 1 0 9 4 .4 8 3 .5 9 b d 2 7 5 .5 3 0 .0 0 8 0 .4 4 n m 1 9 .2 9 6 7 .3 7 7 4 6 .2 9 9 .0 9
B G S F 0 .5 3 1 5 .8 4 2 4 .5 6 0 .1 1 5 .4 1 2 4 7 .4 8 4 .0 3 b d 2 5 2 .2 6 0 .0 0 9 2 .7 8 n m 2 9  J O 9 5 .8 9 8 8 3 .2 4 1 4 .6 3
B G S F 0 .5 5 1 6 .2 3 n m n m n m 1 6 8 2 .8 8 5 .2 1 b d 2 7 0 .3 5 0 .0 0 1 1 7 .2 5 n m 3 6 .8 0 1 1 9 .4 2 9 9 1 .3 7 1 7 .1 6
B G S F 0 .5 7 1 6 .7 2 3 3 .9 5 5 .6 1 0 .5 1 8 2 9 .8 6 5 .5 8 b d 2 2 5 .9 6 0 .0 0 1 2 0 .2 2 n m 4 4 .1 8 1 2 0 .4 4 1 0 7 7 .3 8 1 9 .9 4
B G S F 0 .5 9 1 6 .7 6 n m n m n m 1 9 9 5 .7 3 6 .4 2 b d 1 9 5 .7 5 0 .0 0 1 2 8 .4 7 n m 5 2 .3 2 1 4 7 .6 3 1 1 3 8 .8 6 2 2 .1 5
B G S F 0 .6 1 1 6 .5 5 n m n m n m 2 2 7 6 .2 6 7 .4 6 b d 1 6 0 .2 6 0 .0 0 1 3 8 .4 1 n m 6 0 .4 9 1 7 3 .4 6 1 2 8 6 .9 3 2 3 .6 3
B G S F 0 .6 3 2 3 .1 2 2 9 .7 6 0 .6 9 .7 2 5 1 8 .5 5 7 .6 5 b d 1 1 2 .6 6 0 .0 0 1 4 7 .4 7 n m 7 2 .4 3 2 0 9 .0 5 1 3 3 9 .0 7 2 5 .0 5
B G S F 0 .6 5 2 0 .2 4 n m n m n m 2 5 9 0 .0 9 7 .9 2 b d 8 1 .2 8 0 .0 0 1 6 9 .6 4 n m 7 7 .6 7 2 1 9 .5 5 1 4 7 4 .5 8 2 8 .5 0
B G S F 0 .6 7 1 8 .4 4 n m n m n m 2 8 3 0 .7 3 9 .1 4 b d 6 8 .0 1 0 .0 0 2 0 4 .5 5 n m 8 2 .7 5 2 3 1 .6 6 1 5 2 7 .1 8 3 1 .5 5
B G S F 0 .6 9 1 4 .7 9 2 3 .8 6 2 .9 1 3 .3 2 9 6 1 .6 9 9 .2 6 b d 5 9 .4 7 0 .0 0 2 4 9 .9 3 n m 8 7 .8 4 2 6 3 .9 1 1 5 6 2 .1 9 2 2 .4 5
B G S F 0 .7 1 1 3 .5 5 n m n m n m 2 8 0 5 .0 1 8 .4 0 b d 5 9 .3 8 0 .0 0 2 6 7 .6 0 n m 7 8 .5 6 2 2 9 .2 0 1 5 8 9 .2 2 2 2 .2 8
B G S F 0 .7 3 6 .4 5 1 9 .9 6 6 .2 1 3 .9 2 7 8 0 .2 1 8 .7 5 b d 1 4 0 .9 5 0 .0 0 5 0 .5 5 n m 1 9 5 .7 3 2 6 9 .9 7 1 3 0 2 .7 1 7 6 .1 7
B G S F 0 .7 5 9 .3 9 n m n m n m 5 0 6 2 .0 6 1 4 .6 0 b d 1 5 2 .5 9 0 .0 0 4 7 6 .3 5 n m 1 4 7 .1 1 3 8 7 .3 7 2 8 7 5 .8 9 6 7 .7 0
B G S F 0 .7 7 6 .3 0 1 5 .7 7 0 .2 14.1 3 0 7 2 .2 3 9 .7 5 b d 4 8 .1 2 0 .3 3 3 6 5 .4 2 n m 9 7 .9 0 2 2 3 .7 3 1 7 5 2 .0 0 3 2 .5 4
bd = below detection limit (.01 mg/L) 
nm = not measured
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